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IHP/2007/GW-14Identification and development of indicators has been recognized as the cornerstone of the UN-World
Water Assessment Programme (WWAP). The programme has resolved the significance of indicators in the
overall context of assessment of water resources as the most ‘vital instruments’. Recognizing the difficulty
of indicator development, the First Edition of the World Water Development Report (WWDR)– the principle
product of WWAP – has noted that: ‘It is essential that both the conceptual framework for indicator devel-
opment and data gathering be subject to further scrutiny.’ Understandably, much still remains to be done to
perfect indicators to be included in the WWDR. However, any focused study and guided effort, such as this
activity, with full ownership of member states, UN system agencies, and partner agencies, can prove to be a
significant milestone in both methodological advancement and simplification for indicator development. 
Development of groundwater indicators has been taken up by UNESCO under the Sixth Phase of 
the International Hydrological Programme (IHP), Theme 2: Integrated Watershed and Aquifer Dynamics.
This effort also draws in the expertise and support of the International Atomic Energy Agency (IAEA) and 
the International Association of Hydrogeologists (IAH). These organizations together also draw in support
of a group of select professionals and have formed a groundwater indicators working group (WG) com-
posed of UNESCO, IAEA and IAH experts. The WG has thoroughly reviewed the issues raised in the first
World Water development Report (WWDR) and, at the outset, maintained the need for taking a longer-
term horizon for groundwater indicator development. The indicators proposed in this report, although 
simple, are both scientifically-based and policy-relevant. As agreed during the UN system-wide meetings on
indicator development at FAO-Rome (2002) and UNESCO-Paris (2004) and groundwater indicator WG
meetings at Paris-UNESCO (2002), Vienna-IAEA (2003), Paris-UNESCO (2004) and Utrecht-IGRAC (2004), a
balanced scientific and policy-based approach has been employed in deriving groundwater indicators. 
Attempts to develop water related indicators are not new. Since early 1960s, efforts have been underway to
develop a meaningful set of indicators and indices for water resources. The early efforts of UNESCO’s
International Hydrological Decade, subsequent International Hydrology Programme (IHP) phases, FAO,
IAEA and UNEP as well as professional organizations have produced several important methodological
guidelines toward indicator development. Against this background, the WWAP has been mandated 
to select indicators and adopt a methodology for further developing indicators by learning from previous
initiatives. In the course of these efforts, WWAP has learned that this is a long-term process where each 
previous milestone provides the direction – or directions – to get to the next one. Amidst such complexity
Preambleand tradeoffs, WWAP agreed on a methodological approach, identified some indicators, carried out limited
testing and developed a better understanding and appreciation of the problems of indicator development. 
Collectively, the UN agencies have resolved that a longer-term horizon for indicator development is
needed. It is concluded not to reinvent wheels, but to make use of the many ongoing indicator develop-
ment initiatives. The agencies explicitly decided to use existing indicators and actively investigate whether
these indicators meet the criteria instead of developing new indicators. Finally it has been concluded to
develop or adopt a limited set of quality indicators with excellent data backup rather than to pursue a large
number of lesser quality indicators. The same strategy has been applied to the development of the ground-
water indicators.
This effort has generated enough evidence that data availability for UN programmes, such as WWAP 
and IHP, is contingent upon the member state’s willingness to contribute data and the sensitivities of the
bilateral/multilateral agreements which are already in place. As noted by Maurer (2003), the former can be a
tricky issue as the data sourced by the UN agencies hardly contributes to improve and/or enhance water
resource management capability of the countries. Similarly, in the latter, as noted by Shah and Aryal (2003),
confidentiality and ‘defense’ like treatment of water-related data can seriously affect good indicator devel-
opment for comparative purposes. The dependence of indicator development on data can lead to the 
situation in which data availability drives the selection of indicators, which, in turn, reinforces the collection
of the same data. The expert group on groundwater indicator development has noted this problem and the
proposed indicators have been considered in this context.
The set of groundwater indicators presented in this report is a short-list derived from over one hundred
conceptual water related indicators. These have been short-listed based on some of the problems and
caveats as noted above. It is expected that the third edition of the WWDR will fully utilize the set of ground-
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Indicators serve a variety of policy goals. They help in the improvement of water resource mana-
gement policy through better assessment of the water resource situation in a given hydrological,
hydrogeological or spatial unit, through identification of critical problems and their causes and by
providing a basis for comparison with similar spatial units elsewhere. This in turn leads to improved
reporting on monitoring of progress against set targets and improved evaluation of water policy
strategy and actions. Indicators provide also a basis for setting more appropriate national targets
linked to policy goals and national legislation reforms and may provide for better mobilization of
resources.
As a recapitulation of the context of indicator development, it is noted here that the main function 
of indicators is simplification, quantification, communication, ordering and allowing for comparison of
different countries and regions and different aspects. Indicators provide information on the system 
or process under consideration in an understandable way. They therefore act as an important com-
munication tool for policy-makers, managers and the public. They evaluate the effect of performed
policy actions and plans and they can help to develop new actions. They also help to translate infor-
mation need into data that have to be collected and to translate collected data into policy relevant
information. Indicators can provide various types of information. The most common use of indicators
is description of the state of the resource. Regular measurement of indicators provides time series
(showing trends) that may provide information on the functioning of the system or its response to
management. Another important function of indicators is communication. Indicators can be an instru-
ment for communicating policy objectives and results in an understandable form to the public. An
indicator value can also be compared to a reference condition and so it can be used as a tool for
assessment. Finally, indicators can be used for predicting the future. When models are linked to indi-
cators, a time series can be extended into an estimated future. Alternative scenarios can be assessed
in terms of how well each one moves toward a desired state. 
Sustainable development, and the protection and management of water resources act as guiding
principles for indicator development and formulation. Integrated Water Resources Management
(IWRM) can be regarded as the vehicle that makes the general concept of sustainability operational.
IWRM adopts a holistic approach, which implies that information is needed on the state of the econ-
Introduction 1omy, ecology, society and water resources (both surface water and groundwater and both water quantity
and quality), and their mutual relationship. In also invokes the need for greater participation, which
means that there must be tools for effective communication between different groups of stakeholders,
e.g. policy and decision-makers, planners, managers, scientists and the public. Indicators can help 
simplify information on IWRM and establish effective communication between various groups of water
users.
1.1 THE CONCEPTUAL APPROACH 
Four approaches are commonly applied when indicator models are developed: the bottom-up
approach, the top-down approach, the systems approach and the cause-effect approach. The cause-
effect approach is the most widely implemented concept to indicators development. The Pressure-
State-Response (PSR) approach was first introduced by the OECD (Organization for Economic
Cooperation and Development). Later some more sophisticated classifications have been developed
and are used, like the Driving force-Pressure-State-Impact-Response (DPSIR) framework or the Driving
force- Pressure-State-Exposure-Effect-Action (DPSEEA) framework used by WHO. With the bottom-up
approach, available primary data are aggregated at several hierarchical levels into indicators using 
intuitive and mathematical approaches. Water resources specialists tend to be critical of this approach as
being too reductive. This approach is, however, widely used in data-rich situations, which is not common
in many countries. The top-down approach is based on the logical framework approach and starts with
formulation of the goal (and relevant indicators) to be achieved and determination of various type of
interventions needed to achieve the goal. The systems approach completely analyses the inflows, stock
and outflows of an issue before defining indicators. This approach has been applied in developing sus-
tainability indicators and relies on specific indicators dealing with human systems, support systems and
natural systems. Although the systems approach is seen as very promising, it is complex and often con-
sidered to be at a stage of development at which it still is too academic to solve real-world problems. 
It has been agreed that the WWAP set of indicators follows the DPSIR (Driving forces, Pressures, State,
Impacts and societal Response) framework. Figure 1.1.1 shows the general structure of such a frame-
work (EEA, 2003). The proposed DPSIR structure is not a goal in itself but provides a means to co-
ordinate over the different challenge areas and supports further cooperation between agencies in shar-
ing knowledge and information. Furthermore, the methodology provides a basis for harmonization in
terminology and indicators. The same approach has also been adopted as the framework for the devel-
opment of groundwater indicators. The working group hopes that such indicators will develop further
during the case study phase.
The DPSIR methodology also ensures the establishment of the relationship between policy and econ-
omic issues and the most important issues in groundwater development and management. This method-
ology is used to further identify and specify groundwater indicators and enables identification of indi-
cators that are relevant directly to the groundwater situation and indirectly to other challenge areas of
the WWAP. The DPSIR approach was also applied in development of the indicator profiles expressed in
the indicator sheet format in Appendix 1.
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Figure 1.1.1
The general DPSIR framework used in this report: 
D-Driving forces, P-Pressures, S-State, I-Impacts, R-Responses)2.1 GENERAL
The International Hydrological Programme (IHP) and The World Water Assessment Programme (WWAP)
both recognized the role of groundwater in the overall assessment of world water resources. Two
aspects have to be taken in consideration: (1) groundwater has to be seen within the broader context of
the hydrological cycle and aquifers as a significant hydrological component of watersheds and basins
and (2) groundwater should be integrated within the context of broader economic, social and ecological
dimensions, particular those related to its use and the consequences of this use.
In nature, groundwater is a key element in many geological and hydrogeochemical processes, and geot-
echnical factor conditioning soil and rock behaviour. Groundwater also has an ecological function which
sustains spring discharges, river base-flow and many lakes and wetlands. Use of groundwater has
increased significantly in recent decades due to its widespread occurrence, mostly good quality, high
reliability during droughts and generally modest development costs.
At present, with a global withdrawal rate of 600–700 km3/year (Zektser and Everett, 2004), groundwater
is the world’s most extracted raw material. Particularly in the rural areas of developing countries, in arid
and semi arid regions and on islands, groundwater is the most important and safest source of drinking
water. Groundwater is also the main water supply source in several mega-cities (e.g. Mexico City, São
Paulo, Bangkok) and provides nearly 70% of piped water supply in the European Union countries.
Agriculture and particularly irrigation systems in many parts of the world strongly depend on ground-
water resources. Groundwater is also a reliable resource for industry. 
However, managerial control over groundwater resource development and protection is often poor and
this has led to uncontrolled aquifer exploitation and contamination. Intensive abstraction from aquifers
may affects springs, streams base-flow, groundwater piezometric levels, groundwater storage, the 
surface water - groundwater interface, wetlands and can produces land subsidence. Groundwater 
quality degradation owing to extensive aquifer exploitation and groundwater pollution are recorded in
many countries. Most often, groundwater quality is affected by saltwater intrusion into coastal aquifers,
by downward and upward influx of poor water quality into exploited aquifers, by irrigation return flow or
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indicatorsby discharge of pollutants from point and diffuse pollution sources into shallow aquifers. Groundwater
vulnerability to human impacts is recognized as a serious worldwide social, health, economic, and eco-
logical problem. 
Sustainable groundwater resources development and environmentally sound protection is an integrated,
holistic process. Its successful solution is closely linked to water planning, policy and management and
influenced by social and economic constraints. The main objective of this process is to ensure quantity,
quality, safety and sustainability of groundwater as a 1) a strategic source for life (for drinking and other
sanitary purposes) and economic development (e.g. agriculture, industry), and 2) an important compo-
nent of the ecosystem. However, groundwater also has intangible values related to ethical, religious and
cultural traditions of society. In many developing countries groundwater resources are the key to the
poverty alleviation.
Groundwater indicators, based on monitoring and assessment programmes, support sustainable mana-
gement of groundwater resources, provide summary information about the present state and trends in
groundwater systems, help to analyzed the extent of natural processes and human impacts on ground-
water system in space and time and facilitate communication and public participation in resource plan-
ning and policy and indicators generation. 
Establishing a conceptual model (even however simple) of the groundwater system behaviour is an
important initial stage in the development of groundwater indicators. Preliminary testing of the model
should be carried out by 1) using lumped water balance calculation and simple analytical relationships
between groundwater system components, 2) identifying human factors influencing the groundwater
system, and, 3) determining further data requirements. All are important elements for setting up a con-
ceptual model of the groundwater system and for development of reliable groundwater indicators.     
2.2 PROBLEM-ORIENTED APPROACH 
Groundwater management is an integral part of water resources management. Core elements in
(ground) water management are the functions and uses of the groundwater bodies (aquifers), the 
problems and pressures (threats) and the impacts of measures on the overall functioning of the ground-
water body. Before selecting suitable indicators, groundwater management issues must be identified.
Problems that can arise are, among others, declining water levels or pollution with hazardous sub-
stances. Measures may include identification, investigation, monitoring and assessment of the threats,
risk analysis and control of pollution sources and/or groundwater withdrawal. Water quality and water
quantity can be judged against guidelines or standards based on the functions and uses of the ground-
water. Classification of the functions and uses and linking these with each other makes identification of
conflicts possible (UNECE, 1999). Table 1 gives an example of the linkages between issues and related
functions.
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In the proposed list of indicators each indicator describes a specific aspect of groundwater systems
and/or processes and is based on aggregation of selected variables, both quantitative and qualitative.
Indicators can be combined into index, which provides compact and targeted information for ground-
water planning, policy and management. An index is dimensionless and various weighting and rating
systems can be applied to its construction. The proposed groundwater indicators are based on measur-
able and observable data and they provide information about groundwater quantity and quality (con-
temporary state and trend) and are focused on social (groundwater accessibility, exploitability and use),
economic (groundwater abstraction, protection and treatment requirements) and environmental
(groundwater vulnerability, depletion and pollution) aspects of groundwater resources policy and mana-
gement. However, groundwater indicators can be integrated into various water and environmental
related indicators and water dependent human activities (e.g. industry, agriculture, mining), such as the
proposed indicator expressing the percentage of a country’s population dependent on groundwater-
supported agriculture. 
Ten groundwater indicators have been proposed for application at global, national or aquifer levels.
Specific information about indicator definition, position in the DPSIR framework, determinands needed,
units of measurements and methods of computation and interpretation, scale of application and linkage
with other indicators are described in the indicator sheet profiles (Appendix 1). Several examples of
groundwater indicators implementation are presented in the case studies (chapter 7). 
2.3.1 Renewable groundwater resources per capita (m3/year)
The indicator expresses the total annual amount of renewable groundwater resources (m3 per year) per
capita at national or regional level. The objective of this indicator is to estimate the amount of good
(safe) drinking water, water for agriculture (particularly for irrigation), for industry, and for the ecosystem
that exists in a defined area. This amount of available groundwater in relation to the number of people
using it becomes an important factor for the social and economic development of a country. This indic-
ator is defined as the total renewable groundwater resources, without considering groundwater quality
but excluding brackish and saline waters. Its source is precipitation, which is unevenly distributed among
GROUNDWATER INDICATORS
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Issues
Functions
Drinking water Industrial water Agricultural water Nature
Acidification * *
Excess nutrients * * *
Spreading * * * *
Salinization * * * *
Desiccation * * * *
Table 2.2.1. Link between functions and issues of groundwater systems (UNECE, 1999)
(*)  Means that the function of the groundwater system is conflicting with the pressures caused by the 
matched issues.the regions of the world. Depending on the nature of the geology, soil structure and land relief, a 
varying fraction of the precipitation may infiltrate to recharge the underlying aquifers. 
Renewable groundwater resources
To evaluate the renewable groundwater resources of a country, five quantities should be approximated
(FAO, 2003):
• The natural recharge within the geographic boundary of the country;
• The total volume of actual groundwater flow within aquifers coming from the neighbouring countries 
and leaving to the neighbouring countries;
• Seepage from surface water bodies (streams, lakes) to groundwater;
• Discharge of groundwater to surface water through springs and base flow;
• Artificial recharge should be added where it is a significant factor.
This translates to the following equation:
where:
GWRR: Renewable groundwater resources 
Recharge: Total groundwater recharge generated from precipitation within a country
Seepage: Surface water which infiltrates to become part of the groundwater resource
Base-flow: Groundwater inflow to rivers which becomes part of the surface water resource (stream flow 
is important for aquatic habitat and wetlands conservation)
Inflow: Total renewable groundwater resource that enters a country’s aquifer system from aquifers in 
upstream countries (naturally or through agreements)
Outflow: Total renewable groundwater resources that leave a country’s aquifer systems to the down-
stream countries’ aquifers. Groundwater outflows into the oceans are of special importance for
coastal regions (control of salt water intrusion). 
Artificial Recharge: Artificial recharge in the sense of UNESCO/WMO (1992) is the augmentation of the
natural replenishment of groundwater in aquifers by supply of water through wells, through spread-
ing or by changing natural conditions. Depending on the source of this water, care should be taken
that there is no double accounting related to this component.  
Care should also be taken that the difference between Seepage and Base-flow is not duplicated in the
calculation of surface water resources.
Data on Inflow and Outflow are rarely available and difficult to gather, because of the need for a good
understanding of the aquifer (FAO, 2003). In the best scenario, it would be desirable that a country
agrees with its upstream neighbours to produce one set of data (say only the Inflows). Then the Inflow of
one country is the Outflow of the other. It should be also mentioned that it has been noticed that with
negligible recharge in an upstream country, there may still be Outflow from that country, meaning that
groundwater flows whether there is recharge or not (renewable or not).
In order to estimate recharge, which is normally an important element of the hydrologic cycle, an appro-
priate methodology needs to be selected and implemented. Kinzelbach (2002) gives a number of 
GWRR = Recharge + Seepage – Base-flow + Inflow – Outflow + Artificial Recharge
GROUNDWATER RESOURCES SUSTAINABILITY INDICATORS
8methods for calculating groundwater recharge in arid and semi-arid regions, including: direct measure-
ments (lysimeters), water balance methods, including hydrograph methods (the water table rise method
– particularly if in-outflows are known or are negligible), Darcyan method (numerical flow model), natural
tracer methods (chloride method). Rutledge (2000) from the USGS-RORA programme uses stream flow
records to estimate groundwater recharge. Ulmen (2000) uses a Soil Water Balance model. Hydro-
geological, hydrological and climatic conditions as well as the scale of recharge calculation are described
in the following section 2.3.2. 
Inhabitants
Increases in population coupled with social and economic development decrease the per capita water
availability at global and national levels. The demographic variables that have implications for ecological
systems include population size and rate of change over time (birth and death rates), age and gender
structure of a population, household distribution by size and composition, spatial distribution (urban ver-
sus rural and by country and ecosystem), migration patterns, and level of educational attainment.
Population size and other demographic variables influence the use of food, clean water, energy, shelter,
transport, and a wide range of ecosystem services. The interactions between populations and eco-
systems are a complex issue. For simplicity, only the total number of inhabitants is used in defining this
indicator.
In relative terms, the higher the value of this indicator, the better is the possibility of using renewable
groundwater resources for development purposes. There are no specific standards from which to recom-
mend a ‘good’ value for this indicator. However, looking at this indicator for different countries of the
world or different regions, one can get a general view of the situation of the available resource. Different
development agencies are very interested in such information. Analysis of the indicator data also sup-
ports the integrated management of both groundwater and surface water resources. 
The greatest limitation is to have reliable data about the available groundwater resources in the national
territory, or other evaluated administrative or natural (basin, aquifer) units. 
This is a driving force indicator of great significance to planners, policy and decision makers and it has
social and economic relevance. Drivers such as climate change and population change (e.g. growth –
particularly in the poorer regions of the world) have very important role in its dynamics. 
2.3.2 Total groundwater abstraction/
Groundwater recharge
Groundwater recharge can be defined in a broad sense as ‘the addition of water to a groundwater reser-
voir’. Natural and induced recharge by downward flow of water through the unsaturated zone has been
100%  x 
recharge r Groundwate
n abstractio r groundwate Total
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9applied for the construction of the groundwater recharge indicator. This is generally the most important
mode of recharge in arid and semi-arid areas. The main sources of recharge are rainfall, surface water
bodies, irrigation losses and seepage from urban water supply distribution and waste water collection
systems.
Numerous methods of groundwater recharge estimation and calculation have been developed to suit
various hydrological, hydrogeological and climatic conditions. Many of them are listed in the preceding
section 2.3.1. Xu and Beekman (2003) proposed that the following recharge estimation methods should
be applied with greater certainty in semi-arid conditions in Southern Africa: the Chloride Mass Balance
(CMB), Cumulative Rainfall Departure (CRD), Extended model for Aquifer Recharge and moisture
Transport through unsaturated Hardrock (EARTH), Water Table Fluctuation (WTF), Groundwater
Modeling (GWM) and Saturated Volume Fluctuation (SVF). In the South African Case Study (section 7.5)
the CMB and EARTH methods were applied. Recharge estimation in the case of shallow groundwater
systems has been reviewed by Dillon and Simmers (1998).
The uncertainties of recharge calculation always have to be considered, especially in relation to variabil-
ity of recharge in time and space and the effects of land cover on the intensity of natural recharge.
However, the implementation of the above methods makes it possible to gain basic information about
the most reliable and robust recharge value, and the application of the indicator at a national and to cer-
tain extent also regional level eliminates the effects of local variability. The variability of recharge in
major groundwater basins at the global level has been addressed in the map of Groundwater Resources
of the World, which is a product of a joint project of UNESCO and BGR, with several other organisations.
Further information on recharge methods as applied in the context of this indicator can be found in the
case study from South Africa (section 7.5)
Total groundwater abstraction means the total withdrawal of water from a given aquifer by means of
wells, boreholes, springs and other ways for the purpose of public water supply or agricultural, industrial
and other usage. Data about groundwater abstraction are generally available, because in many countries
permits for and evidence of groundwater abstraction are obligatory and registered. Data regarding
groundwater abstraction from domestic wells are usually based on qualified estimation. Natural ground-
water discharge through aquifer outflows (springs, discharge into the surface water bodies, base-flow)
has to be estimated or calculated, where the relevant data are available. Total groundwater abstraction
is calculated through the total estimated groundwater abstraction.
Data scarcity and accessibility affect definition of this indicator at a worldwide scale. Therefore only three
scenarios are proposed for interpreting the indicator values and to give significance to the estimated
values, rather than refer to the actual numbers, which inevitably involve uncertainty. 
→ Scenario 1: abstraction ≤ recharge; i.e. < 90%
→ Scenario 2: abstraction = recharge; i.e. = 100%
→ Scenario 3: abstraction > recharge; i.e. > 100%
It is critical to determine the recharge as realistically and accurately as possible. Attention should be paid
to the time scale used for recharge calculation, particularly for arid and semi-arid regions, where heavy
GROUNDWATER RESOURCES SUSTAINABILITY INDICATORS
10‘event’ rainfall may be more meaningful than weaker but regular rainfall. The use of annual average 
values thus must be carefully considered in the case of groundwater recharge estimation in such regions.
Also, it should be noted that, the scenario of abstraction equaling recharge does not directly translate to
sustainable groundwater development. There could be aquifers at regional and local level that are 
over-abstracted. It would be advisable to consider further factors for the application of this and similar
indicators at national or regional level, e.g. coastal aquifers, country specific environmental reserves,
potential international treaties, etc.
Example of country X:
Licensed groundwater abstraction: 1,200,000 m3/a
Unlicensed groundwater abstraction: 250,000 m3/a
Natural groundwater abstraction: 250,000 m3/a
Natural recharge: 1,700,000 m3/a
Induced recharge: 200,000 m3/a
Figure 2.3.2 shows implementation of Total groundwater abstraction / Groundwater recharge as an indi-
cator at a global scale (Source: IGRAC). [Note: In this chapter, the number of figures correspond with the
number of indicator.]
2.3.3 Total groundwater abstraction/
Exploitable groundwater resources
As in the case of the previous indicator, total groundwater abstraction means the total withdrawal of
water from a given aquifer or groundwater unit by means of wells, boreholes, springs and other ways for
= 89.5% > Scenario 1
(1,200,000 + 250,000 + 250,000)  x 100%
(1,700,000 + 200,000)
GROUNDWATER INDICATORS
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Figure 2.3.2.
Groundwater abstraction as a percentage of average annual rechargethe purpose of public water supply and agricultural, industrial and other usage. Total groundwater
abstraction is calculated as explained above in section 2.3.2, and the abstraction data availability is
essentially the same.
The term ‘exploitable groundwater resources’ means the amount of water that can be abstracted annu-
ally from a given aquifer under prevailing economic, technological and institutional constrains and envi-
ronmental conditions. In many countries there is an intention to quantify the exploitable groundwater
resources (called also usable groundwater reserves) for the large groundwater basins and aquifers. Such
estimation is usually based on a combination of hydrological (hydrological budget equation) and
hydraulic (finite element aquifer flow models) methods, combined with ecological constraints. However,
groundwater quality aspects have to be observed too, because groundwater quality changes due to 
various human activities may affect the overall groundwater exploitability. Although it is critical to unify
the definition of exploitable groundwater resources, and the proper use of the term, the exact meaning
of exploitable groundwater resources may vary from one country to another. The criteria for the sustain-
able exploitation of groundwater resources, inclusive of ecological attributes (aquatic ecosystems and
wetlands protection, base flow conservation), will have to be selected and good status of groundwater
resources in both quantitative and qualitative aspects preserved as far as practicable.
At the country level the proposed indicator would distinguish the following three basic scenarios:
→ Scenario 1: abstraction < exploitable amount; i.e. < 90%
→ Scenario 2: abstraction ≈ exploitable amount; i.e. ≈ 100%
→ Scenario 2: abstraction > exploitable amount; i.e. > 100%
Scenario 1 describes a country with underdeveloped groundwater resources, probably with potential for
further development. Scenario 2 is likely to be a country with groundwater resources developed, and
probably an understanding and appreciation of sustainability aspects in the water resource mana-
gement. Scenario 3 depicts the situation in a country with overexploited groundwater resources and the
resulting stress needs to be addressed in managing water resources.
Indicators 2.3.2 and 2.3.3 should be used jointly to reflect the status of resource development from a
given groundwater system from a water balance perspective.
Example of country X:
Licensed groundwater abstraction: 1,200,000 m3/a
Unlicensed groundwater abstraction: 250,000 m3/a
Natural groundwater abstraction: 250,000 m3/a
Exploitable groundwater resources: 3,000,000 m3/a
= 56.6% > Scenario 1
(1,200,000 + 250,000 + 250,000)  x 100%
3,000,000
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122.3.4 Groundwater as a percentage of total use 
of drinking water at national level 
Groundwater is an important source of drinking water in many countries and the most reliable and safe
source of drinking water in arid and semi-arid zones and small islands. Nearly half of the world’s popu-
lation depends on groundwater for its drinking water supplies. Better understanding of groundwater
systems and groundwater dynamics based on groundwater investigation, monitoring and assessment
(both renewable and non–renewable) has led to increasing use of groundwater for drinking purposes in
many parts of the world. For example, the ratio of groundwater to surface water use for drinking pur-
poses has changed in benefit of groundwater in many European countries in recent decades. 
Data for formulation of the indicator expressing the relation (in percentage) between groundwater and
surface water used for public drinking water supplies are available in many countries. The indicator
essentially indicates groundwater-dependency. Use of drinking (household) water is based on permits
and control by government and municipal authorities, and registered by water supply companies. Data
relevant to water use are usually stored in national, regional or municipal databases. Data about ground-
water use from domestic wells are not registered, however, there are usually based on qualified estima-
tion. In many countries there are, therefore, reasonable conditions for calculating an indicator for
groundwater as a percentage of total use for drinking water purposes. Figure 2.3.4 shows the share of
groundwater as a percentage of total use of drinking water at national level for the European countries
(IGRAC/EUROSTAT). 
2.3.5 Groundwater depletion 
Any groundwater exploitation leads to water-level declines and affects groundwater storage. The critical
issue is how much water can be withdrawn from an aquifer without producing nonreversible impacts on
groundwater quantity and quality, ecosystems or surface geotechnical stability. Declines in the ground-
water hydraulic head are reflected in an increase of pumping costs, decreasing well production and may
GROUNDWATER INDICATORS
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Figure 2.3.4.
Share of groundwater in public supplies (%) in Europe, excluding the Russian Federation
(Original data from EUROSTAT)even make groundwater use economically and socially unfeasible. Therefore, it is necessary to have an
indicator that can express excessive groundwater withdrawal. However, the extent of groundwater level
decline has to be carefully evaluated because it is also subject to natural and seasonal fluctuations from
the influence of climatic conditions and aquifer characteristics. Sometimes, groundwater storage deple-
tion may also be associated with a long transient evolution from one steady state to another, and does
not necessarily represent a problem of unsustainable exploitation of an aquifer. The most difficult prob-
lem in aquifers that are subjected to exploitation is to distinguish permanent and regional depletions
from only temporal and local interferences caused by the proximity of production wells.
Due to these limitations, a reliable indicator for groundwater depletion has to consider how extensive or
how many potential problems are identified for a specific area or aquifer. A possible depletion problem
can be identified when regional groundwater level declines are associated with of these problems: 
• Areas with a high density of production wells: Strong groundwater level declines associated with an
increase of pumping costs or loss of spring or production well yields can indicate groundwater deple-
tion in areas where many wells are exploiting an aquifer. Two alternatives for identifying water level
declines are: 1) to detect from a well monitoring network (when available) a consistent and gradual
downward trend of water level, or 2) to compare the groundwater level at wells drilled at different
times (i.e. compare water level evolution using near wells, but drilled in different period of time:
1960s, 1970s, etc.). In the last case, it is fundamental to have a well inventory that can provide infor-
mation about the well construction and hydraulic parameters of the aquifer. 
• Change of base flow: In many areas, rivers and other surface water bodies receive an important pro-
portion of their water from groundwater base flow. Drastic reduction of this groundwater flux and
loss of base flow can be associated with groundwater depletion. In this case, the monitoring of river
flow is important. An indirect indication of reduction of base flow can be established when phreatic
vegetation or wetlands suffer notable changes.
• Change of groundwater quality characteristics: Although the physical-chemical properties of water
can vary throughout the aquifer, in conditions of regular exploitation, drastic changes in groundwater
quality are not expected (including stable isotope composition). Therefore, changes in age and origin
of groundwater at specific locations in the aquifer can be an indication of groundwater depletion.
• Land subsidence: At some localities, groundwater exploitation from thick sedimentary aquifer-
aquitard systems has been accompanied by significant land subsidence. In this situation, land sub-
sidence can be used as an indirect indicator of unsustainable groundwater exploitation.
The groundwater depletion indicator (in percent), as defined here, is based on the following relation-
ship:
The total area with a groundwater depletion problem means the area (km2) where there is a regional
groundwater-level decline observed associated with one or more of the problems described above. The
denominator is the total studied area (km2) that is an aquifer, or part of an aquifer.
Σ areas with a groundwater depletion problem
Total studied area 
x 100
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142.3.6 Total exploitable non-renewable groundwater 
resources/ Annual abstraction of non-renewable 
groundwater resources
This indicator is defined as the proportion of the following variables:
Total exploitable non-renewable groundwater resources (m3)
Annual abstraction of non-renewable groundwater resources (m3/a)
The non-renewable groundwater resource equals a finite water resource to which no or very little
recharge takes place. The total exploitable non-renewable groundwater resource means the calculated
total amount of water that can be abstracted from a given aquifer under current socio-economic con-
straints and ecological conditions. The total annual abstraction of groundwater means the total with-
drawal of water from a given aquifer by means of wells, boreholes and other artificial ways for the pur-
pose of domestic water supply, industrial, agricultural and other usage. The annual abstraction should be
calculated as a mean value over a significant range of years. This estimate may change in time, therefore
it is recommended that a trend-line over a significant number of years be used for such an estimate. This
statistics may vary for different countries, but should reflect an average over observed extremes. An esti-
mate of the total lifetime of the non-renewable aquifer can be made from current abstraction figures,
but must take into consideration future sustainable development plans for groundwater and ground-
water resource conservation for the use of future generations. Two main criteria which define non-
renewable groundwater resources are following: (a) mean annual recharge should be less than 0,1% of
the stored volume (Margat et al., 2006); and (b) exploitation of the groundwater concerned should not
have a significant impact on neighbouring renewable systems or recharged groundwater bodies. The
world’s largest non-renewable groundwater systems are located in the arid regions of Northern Africa,
the Arabian Peninsula and Australia, as well as under permafrost in Western Siberia (WWAP, 2006).
Figure 2.3.6 shows an adaptation of the indicator Total exploitable groundwater resources/annual
abstraction of non-renewable groundwater resources indicator at a global scale. 
Fig. 2.3.6. An adaptation of the indicator Total exploitable non-renewable groundwater
resources/annual abstraction of non-renewable groundwater resources
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152.3.7 Groundwater vulnerability 
Vulnerability of groundwater is a relative, non-measurable, dimensionless property. The concept of
groundwater vulnerability is based on the assumption that the physical environment may provide some
degree of protection to groundwater. Vulnerability is therefore, an intrinsic (natural) property of a
groundwater system that depends on the sensitivity of that system to natural and human impacts. (Vrba
and Zaporozec, 1994). 
In this report the term natural (or intrinsic) vulnerability is defined solely as a function of hydrogeological
factors – the characteristics of an aquifer and the overlying soil and unsaturated geological material.
Specific vulnerability of a groundwater system, mostly assessed in terms of the risk of the system becom-
ing exposed to contaminant loading, is not considered in the proposed groundwater vulnerability indi-
cator. The contaminant’s travel time and its properties and attenuation processes in the soil and in the
aquifer are the most important variables in the assessment of specific groundwater vulnerability. 
The following variables are generally used to assess natural groundwater vulnerability: net recharge, soil
properties, unsaturated zone lithology and thickness, groundwater level below ground, aquifer media
and aquifer hydraulic conductivity. Topography (slope of the land) is often applied too. Parameter
weightings and rating methods are usually implemented to express relationships between the variables
and to reflect their importance for groundwater vulnerability assessment. The final numerical score pro-
vides a relative measure of groundwater vulnerability and helps to define vulnerability classes of com-
mon vulnerability. The DRASTIC numerical scheme developed by the US Environmental Protection
Agency (Aller et al., 1987) is widely used to assess groundwater vulnerability. A system called SINTACS,
derived from DRASTIC experience, was developed in Italy (Civita, 1990). It is entirely computerized,
both for the discretized input stage (grid square) and for the output (mapping and numerical tables). The
input data may be coded according to the actual situation in the investigated area. Simpler 
and less data-demanding is the GOD groundwater vulnerability rating system proposed by Foster
(1987). The GOD empirical system for the rapid assessment of aquifer vulnerability include evaluation 
of G – Groundwater occurrence, O – Overall aquifer class and D – Depth to the groundwater table.
Groundwater vulnerability derived by the GOD system is divided into five classes from negligible (deep
confined aquifers) to extreme (shallow water table aquifers) . 
Of the seven key hydrogeologic parameters representing DRASTIC, the most significant are considered
to be depth to the water table and impact of the vadose (unsaturated) zone (weight 5) and net recharge
(weight 4). Less significant parameters are topography (weight 1) and soil (weight 2). In the SINTACS sys-
tem, the depth to the groundwater table is considered to be the most significant parameter, and less
weight is given to the soil media. 
It is important to remember that a vital requirement for successful use of the above mentioned methods
is the availability of adequate groundwater data. However, many variables and parameters are not yet
commonly monitored at a country level and data scarcity can make it impossible to implement DRASTIC,
SINTACS and other vulnerability assessment methods requiring comprehensive groundwater measure-
ments and sampling. Therefore, formulation of groundwater vulnerability indicator is based on simple
data usually available on geological and hydrogeological maps, including in developing countries. The
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16following three classes of groundwater vulnerability indicator based on assessment of three variables
(the soil properties, lithology of the unsaturated zone and thickness of the unsaturated zone) are pro-
posed here:
1. Highly vulnerable aquifers 
Uppermost water table aquifers overlain by permeable sandy soils and by permeable unsaturated zone
(sand, gravel, sandstone, chalk, limestone) of limited thickness (less than 10 m); deeper aquifers inter-
connected to the uppermost vulnerable aquifers; aquifers linked to surface water bodies; karstic
aquifers; aquifers recharge area; part of aquifers in coastal area affected by seawater intrusion. 
2. Moderately vulnerable aquifers 
Deeper water table aquifers or semi confined aquifers overlain by less permeable soil (sandy and silty
loam, loam, aggregated clay) and less permeable unsaturated zone of thickness between 10 and 30 m.
3. Low and negligibly vulnerable aquifers
Deep confined renewable aquifers overlain by low permeable soil (clay loam, non aggregated clay) and
a thick, low permeability unsaturated zone (more than 30 m). Deep mostly non-renewable aquifers with
groundwater which is not part of the hydrological cycle under current conditions and during recent geo-
logical periods. The unsaturated zone consists of impermeable or less permeable rocks and often
reaches a thickness of hundreds or even thousands of meters. The proposed groundwater vulnerability
indicator is based on the following relationship:
The areas of aquifer(s) that present groundwater vulnerability means the sum of areas (km2) where there
are different classes of groundwater vulnerability (high, moderate or low/negligible) observed. The
denominator is the total studied area (km2) that are the aquifers, or part of the aquifers, under con-
sideration.
E.g. in the country where water table aquifers in fluvial deposits linked to surface water bodies prevail
(80%), groundwater vulnerability indicator will advice the planners and decision makers that these
aquifers are highly vulnerable and need comprehensive protection and quality conservation policy.
Protection of remaining 20% low vulnerable confined aquifers is focused mainly on aquifers recharge
area covering 5% of aquifers surface. Therefore, groundwater vulnerability indicator shows that 85% of
the country aquifers, or part of the aquifers, are highly vulnerable and 15% are low vulnerable.    
Assessment of groundwater vulnerability and formulation of groundwater vulnerability indicators sup-
port groundwater protection policy by giving guidance on sound land-use planning and sustainable
managerial purposes. Particularly in the case of transboundary aquifers with a highly vulnerable recharge
area in one country and usually less vulnerable discharge area in the territory of a neighbouring country,
formulation of a methodology for construction of a common groundwater vulnerability indicator signifi-
cantly supports sustainable management and protection of groundwater resources and formulation
stress reduction measures.  
Σ areas with different classes of groundwater vulnerability
Total studied area 
x 100%
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17Groundwater vulnerability indicators also create public awareness about groundwater protection because
the term ‘vulnerability’ is very explicit and readily understood by non-specialists in hydrogeology.
2.3.8 Groundwater quality 
Groundwater quality indicators can inform about the present status and trends in groundwater quality
and may help to analyze and visualize groundwater quality problems in space and time. An indicator
may be developed and implemented with respect to drinking water standards, food processing, irri-
gation requirements, industrial use and others. It can also be devised for the special circumstances of
naturally occurring contamination, mainly associated with inorganic species. This indicator also makes it
possible to identify and to foresee the outcome of processes leading to groundwater contamination.
Although a groundwater quality indicator is an important tool for groundwater diagnosis, it is necessary
to recognize its limitations at a regional scale. In a regular groundwater quality monitoring programme,
data are obtained by sampling private and public production wells (however, data on raw water quality
may be difficult to obtain from water works) and more rarely from specifically designed monitoring net-
works. This procedure can produce problems of spatial representation of groundwater quality data for
large areas (at country or transboundary level).
Some problems related to groundwater quality sampling should be pointed out:
• Generally, production wells are not suitable for sampling shallow groundwater due to the deep 
position of the screens. These deep wells mix water from different levels that may have different 
origins and composition.
• Irregular distribution of wells in an area can make it difficult to identify groundwater quality and con-
tamination for the whole aquifer. Additionally, a well may just detect a contaminant plume if they are
close each other. This characteristic limits the ability to define the groundwater quality situation or
demands a great number of monitoring wells to provide adequate spatial coverage.
• Problems of poor construction and maintenance of wells can cause localised contamination at the
well which is not necessarily related to broader contamination of the aquifer.
Sampling for indicators of natural quality problems should be carried out in aquifers or the parts 
of aquifers where the geological and hydrochemical conditions suggest that there is a risk of such a
problem occurring, including specific mineralogy or geochemical environment in the aquifers.  
The proposed indicator for naturally occurring quality problems is defined by the relationship:
The area of aquifer that presents natural groundwater-quality problems means the sum of those parts of
the aquifer in which the concentration of the indicator parameter exceeds the maximum level specified
Σ areas with natural groundwater-quality problem
Total studied area 
x 100%
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18in the WHO drinking water guidelines (or equivalent). The total area could be drawn a line around all
sampling points with concentration above the guideline values in a same geological and geochemical
conditions. For naturally-occurring contamination, the substances of concern are: arsenic, iron, chloride
(salinity) and fluoride, and less frequently magnesium, sulphate, manganese, selenium, or other inorganic
species. The total studied area (km2) means the area of an aquifer or part of an aquifer under consider-
ation. As some substances such as fluoride and arsenic are known to vary greatly over short distances,
delineating the total area with a quality problem with an all-inclusive boundary line round all high points
may define a too-large area within which there are sampling points with non problematic concentrations.
Therefore, consideration has to be given to the likely extent of the contamination if there are no actual
observations available to avoid giving a falsely pessimistic view of the actual groundwater quality. This
indicator is mainly intended to be used at broad spatial scale where such detail does not matter. 
Additionally, in countries where a groundwater quality network based on wells and springs has been
designed and put into operation, it is possible to identify anthropogenic-diffuse source contamination
problems (e.g. agricultural activity, urban on-site sanitation), by monitoring some quality indicator, such
as electrical conductivity, nitrate or chloride. Furthermore, when technical and financial resources are
available, a suite of environmental isotopes 18O, 2H, 3H, 14C and 15N are suggested as parameters to be
combined with the chemical variables in order to monitor and understand the dynamic process of
groundwater quality change due to natural and human impacts and/or to identify the influence of non-
renewable groundwater. These should be selected to best fit the problem statement. All these para-
meters when analyzed on a regular temporal basis can indicate changes in groundwater quality. The
selection of the above-mentioned quality variables is based on: 1) many potential contaminant activities
release a salinity load that causes increases in electrical conductivity and chloride concentration; and
2) nitrate is the most common contaminant in groundwater, mainly associated with urban (including 
on-site sanitation systems) and agricultural activities. Additionally, nitrate and chloride are mobile and
persistent in many shallow groundwater environments. An increase in concentration of these parameters
can also indicate that other contaminants (volatile organic compounds (VOC), semi-VOC, metals, and
inorganic pollutants) could be present in groundwater.
When the derivation of the indicator is based on chemical analyses, the groundwater should be sampled
quarterly or at least twice a year (wet and dry periods). When isotopes are used as parameters in a
monitoring program, sampling should be made at least on an annual basis. However, some variables
(electrical conductivity) may be registered more frequently or even measured continuously by equip-
ment located in the monitoring well.
Increasing concentrations of monitored variables need to be supported by statistical evidence, based on
data from a longer period (three years or more), in order to indicate groundwater quality changes and
problems. When just one or more of the variables mentioned above presents anomalous values (no ten-
dency is observed), judgment should be made by local hydrogeologist.
The proposed indicator for groundwater under human stress would be established based on the relation-
ship:
Σ areas with increment of concentration for specific variable
Total studied area 
x 100%
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areas where an increase in concentration of chloride, nitrate or EC was detected during the observation
period. Increasing concentrations of monitored variables need to be supported by statistical evidence,
based on data from a longer period (three years or more), in order to indicate groundwater quality
changes and problems. When just one or more of the variables mentioned above presents anomalous
values (no tendency is observed), judgment should be made by local hydrogeologist. The studied area is
an aquifer, or part of an aquifer under consideration.
Conservation of good natural groundwater quality status is a challenging task and should be supported
by effective groundwater protection policy, implementation and enforcement of water protection legis-
lation and groundwater quality control, and establishment and operation of groundwater quality moni-
toring networks.
2.3.9 Groundwater treatment requirements
This indicator describes whether groundwater can feasibly be made potable (drinking water), or usable
for other purposes (e.g. agricultural water, industrial water, cooling water) with treatment. The treatment
requirements are classified in three categories. The following treatment methods are considered as 
simple: dilution, aeration, filtration, disinfection, adjusting alkalinity, removal of iron and manganese 
by separation. For practical application of the indicator formulation, membrane methods, biological
methods, coagulation, and flocculation are categorized as technologically demanding. Hence, techno-
logically demanding treatment methods include de-salinization, reverse osmosis or membrane filtering
for removal of fluorine or arsenic and similar techniques. Complex treatment adds to the cost of water
supply and maintenance, and also sets technical requirements. However, it should be noted that the list
of technologies provided here is not exhaustive. Additional ones should be evaluated using the pro-
vided examples as reference and should be classified accordingly. Information about treatment
processed that are being used can be obtained from public waterworks, especially larger ones, ideally in
the form of statistics at a national or provincial level. In the case of small domestic supplies, information
about the number of households that have a small-scale treatment unit may be available from municipal-
ities or local communities. The classification divides the indicator into three categories according to how
extensive a treatment of groundwater is required:
• suitable for specific use without treatment (appropriate quality)
• simple treatment needed
• technologically demanding treatment needed
The indicator essentially expresses the percentages of the groundwater abstraction i.e. volume for 
a specific use divided into the above-mentioned categories. This indicator is best applied at a national 
to local scale. The case study from Finland (section 7.3) demonstrates application of this indicator in
comparing three provinces. Up-scaling to regional level is complicated by the fact that, depending on
country’s level of economic development and conditions, the same technology can be either simple or
demanding.
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other uses need to be defined and also by how much the recommended value has to be exceeded.
Different quality and concentrations are used for comparison with the WHO drinking water guidelines
and other standards relevant to the specific groundwater use (e.g. irrigation, cooling). Even without
these details about concentrations of variables or constituents, elements is not widely used, information
about the treatment systems in place already gives an indirect indication of the water quality. 
2.3.10Dependence of agricultural population 
on groundwater
During the past 50 years massive investments of public and donor funds have been made, particularly in
Asia and Africa, to create vast public irrigation infrastructure based on surface water. In India, for exam-
ple, public investment in dams and canals during the 1950–2000 period was over USD 120 billion. These
investments were expected to help developing countries to enhance food security and incomes of farm-
ers. However, the experience of many countries has shown that far greater contribution to these objec-
tives of food security and improved rural livelihoods has been made by rapid groundwater development
which occurred largely at private initiative and with farmer investments. Groundwater irrigation has
emerged as a powerful instrument of equitable social and economic rural development in many coun-
tries especially of Asia but also in parts of Africa and Latin America. In the highly populated countries of
South Asia, over half of the total population derives direct or indirect livelihood support from ground-
water irrigation. Large dam-based surface irrigation projects confer benefits only on pockets which are
topographically suitable for dam construction; however, groundwater development has been spatially
dispersed offering farmers irrigation service on demand. Throughout the developing world, poor people
have come to depend on groundwater use in irrigation and livestock enterprises in far larger numbers
than large, reservoir- based surface water systems. 
The proposed indicator is designed to signify the importance of groundwater in rural livelihoods and
household incomes. It indicates the percentage of a country’s population that depends on groundwater
for supporting livelihoods and household income. The following supplementary indicators should be
also designed: 1) number of farmers using groundwater for agricultural activities/number of people
engaged in farming and stock rearing, and 2) number of people engaged in farming and stock rearing/
population of the country. Figure 2.3.10 illustrates implementation of the indicator for dependence of
the agricultural population on groundwater at a global scale. Access to data on the countries on which
they were not available, for example China, and to data at state scale for large countries (US, Australia)
would make this indicator more useful globally. In highly industrialized agriculture in US and Australia
number of workers/farmers in agriculture is limited.   
Number of farmers dependent on groundwater for agriculture activities
Total population of the country
x 100%
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Fig. 2.3.10. Dependency of agricultural population on groundwater (%)23
This chapter explores the key social and economic aspects of the proposed groundwater resources
sustainability indicators. The aim of the chapter is to conceptualize the proposed groundwater indi-
cators and draw out their main relevant social and economic issues. 
Groundwater is a key natural resource for many parts of the world, yet until recently its enormous
strategic value was not properly identified. Modest development cost, mostly good quality and
generally easy access make groundwater resources particularly valuable for the poorest parts of the
world, especially in the context of achieving the Millennium Development Goals identified at 
the World Summit on Sustainable Development in Johannesburg in 2002. 
Equally groundwater is particularly important in specific climatic and hydrological contexts such as
arid and semi-arid areas, where it is commonly the only safe source of water. In sectoral terms, some
mega-cities rely mainly on groundwater for their public water supply. Equally, in many rural areas
groundwater dramatically transformed the landscape though irrigation, providing valuable support to
agricultural development under growing population growth pressures. Groundwater is particularly
well suited to play a key role in water governance because of its characteristics as a common pool
resource and its key strategic and institutional characteristics.
3.1  SOCIAL AND ECONOMIC RELEVANCE 
OF GROUNDWATER INDICATORS
This section provides a discussion of the social and economic relevance of each proposed ground-
water indicator. 
The social and 
economic aspects
of groundwater
indicators
33.1.1 Renewable groundwater resources per capita
This indicator is particularly important socially and economically and is of great significance to planners
and policy makers since it provides basic information on the ‘natural wealth’ of groundwater per capita.
In particular, this indicator links with parallel efforts in general water resource assessments to identify
‘water stress’. The possibility of substantial variation within a country should be acknowledged. This indi-
cator has captured the imagination of the public and policy makers in the last decade and it could be
expected that it could equally serve a key role in indicating cases of ample groundwater resources or
areas where groundwater is under stress, and therefore possible threats to the long term economic
development of certain specific areas. 
In the context of this indicator, particular drivers are population growth and climate change, which could
have dramatic effects in terms of groundwater resource availability. This indicator therefore performs a
key communicative function since it focuses attention on a critical issue (Hart Environmental Data, 1998).
3.1.2 Total groundwaterabstraction/ 
Groundwater recharge
This indicator is particularly useful for policy makers due to its simplicity and the scale at which it is
applied (i.e. national and regional). However, two notes of caution must be kept in mind when using this
indicator. Firstly, that oversimplification can actually misinform policy i.e. if the indicator is 100% nation-
ally, (i.e. abstraction equals recharge) this does not necessarily translate into national sustainable ground-
water management, since it can hide enormous variations at regional and local levels. Therefore geo-
graphical scale in the context of this indicator matters. Secondly, from a social and economic point of
view in relation to data relevant to groundwater abstraction, it would be useful to specify how the data
on abstraction were collected (i.e. from users themselves by compulsory evidence or by estimates). Data
obtained from users can often be a good indicator of self-governance, complying with some of the key
variables in common pool resource management identified by Ostrom (1992).
3.1.3 Total groundwater abstraction/
Exploitable groundwater resources
In the context of this indicator the same note of caution regarding data used for groundwater abstrac-
tion applies. It is crucial that as the sum of licensed, unlicensed and natural abstraction, groundwater
abstraction needs to be broken down to its components, to provide transparent information for policy-
making purposes. The second issue in relation to the ‘exploitable groundwater resources’ is to specify
clearly for a given aquifer the current social and economic constraints, ecological conditions and political
priorities under which the competent authorities are operating. An example of this is provided in 
Table 3.1.1.
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The three groundwater scenarios identified for this indicator (i.e. over-exploited to under-developed)
have to be further explained on an individual basis, particularly to distinguish between the concepts of
intensive groundwater use versus over-exploitation, which points to the crucial importance of framing
both concepts on social perceptions and accurate hydrogeological data over a period of time to show
real changes, rather than transient periods. Therefore it is crucial for each aquifer if possible, to provide
data on the size of the aquifer, its hydrogeology, amount of water pumped, number of stakeholders,
economic and social value of activities generated and damage to ecological goods or services (Llamas
and Custodio, 2003).
3.1.4 Groundwater as a percentage 
of total use of drinking water at national level 
This indicator is of particular social importance since it highlights the importance of groundwater for
drinking purposes on a national basis, i.e. the population dependency on groundwater and therefore, its
key role in public and domestic water supply. Ideally, at a later stage, the indicator could be applied sep-
arately for urban and rural areas and also breaking down the percentage into the proportion that comes
from domestic wells and from public water supplies.
3.1.5 Groundwater depletion 
This indicator has significant economic importance. Depletion impacts are translated often into
increased pumping costs, decrease in well yield, which may jeopardize the economic activities sustained
by the aquifer. In the longer term groundwater depletion might create additional economical impacts
like land subsidence or damage to the storage capacity of the aquifer. Particularly, if an alternative
source of potable water needs to be developed, the cost can be substantial. However, there are several
problems in development of this indicator due to the complexity in the functioning of aquifers and the
difficulty in distinguishing between temporary (or transient) economic and social impacts and long-term
potential consequences. Therefore the indicator incorporates a range of issues from which to identify
the possible extent of impacts. From a social-economic point of view it might be interesting, at a
later stage - on a case by case basis and as pilot studies in individual countries - to use environ-
mental economics methodologies to evaluate the actual socio - economic losses of these
depletion impacts.
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Aquifer Socio-economic
constraints
Political priorities 
(ranked 1st, 2nd, 3rd, …)
Ecological
priorities
Key Factors Low GNP per capita, 
education level, 
low/high capital 
investment, etc
E.g. drinking water supply, 
agricultural and 
industrial development 
E.g. protected areas, 
low flows, 
protected species, 
wetlands conservation26 26
GROUNDWATER RESOURCES SUSTAINABILITY INDICATORS
3.1.6 Total exploitable non-renewable groundwater 
resources/Annual abstraction of non-renewable 
groundwater resources
This indicator becomes particularly important for large tracts of arid and semi-arid regions across the
world. The main comment on this indicator is that in the application of this indicator it is crucial to spec-
ify what the current social and economic constraints and ecological conditions actually are. However, if
this is undertaken, this indicator can be an invaluable source for planning abstraction levels, which fur-
thermore can be easily presented graphically, to help policy makers and water users understand the
impacts of their management options and scenarios. Equally it can provide an early warning of excessive
use of a finite groundwater resource; which can also trigger other impacts such as deterioration of water
quality and related social and economic consequences.
3.1.7 Groundwater vulnerability
The groundwater vulnerability indicator can be a very useful economic and social tool for preventing
possible groundwater quality problems from pollution through land use planning and zoning. The 
ultimate goal is subdivision of an area into several units with different levels of groundwater vulnerability
with respect to the differential potential for specified uses and economic development. Natural 
groundwater vulnerability, ranked into three categories, can be used in formulation of a precautionary
groundwater protection policy. It is also an indicator that can be easily presented as visually expressive
maps, therefore facilitating its communication to the policy and decision makers about risk of ground-
water contamination and its economic, social and ecological consequences. The vulnerability maps 
can also be used to inform the public about groundwater vulnerability and the necessary measures of
precaution.
3.1.8 Groundwater quality
In conjunction with the previous indicator of groundwater vulnerability and for similar reasons, that for
groundwater quality is a key indicator in social and economic terms. It can be particularly powerful
because groundwater quality problems can be visualized in time and space, which is very important for
planning, policy-making and communication purposes. Equally, the strategic value of the groundwater in
many aquifers in terms of drinking water means that groundwater quality issues can be high on the polit-
ical, social and economic agenda. Due to the costs and time associated with groundwater pollution
remediation, it is a problem which is more cost-effective to prevent.
3.1.9 Groundwater treatment requirements
This indicator is particularly important economically because firstly, it links directly with the Millennium
Development Goals and secondly, because it provides crucial information on groundwater suitability for
different uses and its treatment requirements in an easily accessible format for water planners and policy27
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makers. In both developing and developed countries where more technologically demanding treatment
is needed, this indicator can help with planning for capacity building e.g. in developing the knowledge
and maintenance expertise needed. Since the indicator would provide information on groundwater
which is potable (drinking water), or usable for other purposes with respect to the level of complexity of
the treatment required, it can therefore help with investment planning not only on treatment options but
on the beneficial use for which groundwater can best be used, in the context of its current quality. Also,
linked with previous indicators, this information can help with protecting groundwater resources effec-
tively due to their added value for specific uses, without treatment. This is particularly important in
developing countries due to the inherent savings and the additional advantages that groundwater 
can offer. 
3.1.10Dependence of agricultural population 
on groundwater
Groundwater holds particular value for many regions across the world and especially in developing
countries, in providing a safe, cheap and often irreplaceable source of water for agricultural develop-
ment and particularly for irrigation. This indicator provides key information on the importance of ground-
water for food security and rural livelihoods, and therefore it can help with groundwater planning and
protection policy in areas where groundwater is already crucial for economic and social development
(e.g. India, Pakistan). The indicator can also help pinpoint areas where groundwater could provide a key
resource for future social and economic development with the objective of ensuring food security.
Groundwater can also provide valuable drought proofing of many irrigation systems in the world and
opportunities for conjunctive use with surface water, under integrated water resources development and
management schemes.29
The proposed groundwater indicators are scientifically robust and policy relevant, based on observable
and measurable data, provide information about the present status, trends and impacts on groundwater
system and support socially and economically sustainable management and environmentally sound pro-
tection of groundwater resources. 
Development of groundwater indicators is a scientific approximation process of presentation of ground-
water resources characteristics to various target groups in simplified and understandable forms.
However, lack of groundwater data at the local, national and international level is the key problem of
indicators development in many countries at present. Data and information scarcity have resulted in
unsatisfactory knowledge of important national and transboundary aquifers and in many countries can
be a serious limitation in the formulation of groundwater indicators. The following objectives in tackling
data insufficiency could be particularly pointed out:
1. In comparison with surface water, groundwater monitoring programmes are generally less devel-
oped. In particular, groundwater quality monitoring programmes at a national scale are in operation
in a few countries only, and consequently representative coverage of groundwater quality infor-
mation is scarce at present. 
2. Data reliability and mutual comparability is often low, because groundwater monitoring methods,
sampling procedures and data reporting are far from being standardized, both at the international
level and national scale. The accuracy and reliability of the sampling and observation methods used is
often unknown, as quality control procedures are not routinely employed.
3. Wells drilled for other purposes, whose geological and hydrogeological data and design are not well-
known are not suitable to be included into the national groundwater monitoring networks. Such wells
often allow interconnection of aquifers of different origin and quality or downward or upward influx
of contaminants. 
4. Data exchange between different agencies and institutions at national and international scale is often
limited. Internationally coordinated effort to collect, process and evaluate data in a standardized
manner and thus support early detection of groundwater problem, is still generally missing.
Future development
of groundwater
indicators
4An additional data-related issue bears on the fact that database and indicator development are two
mutually linked and inter-dependent activities. Data availability drives the establishment of the indi-
cators, which, in turn reinforces development and collection of data required for more precise formu-
lation of groundwater indicators. However, data availability varies significantly between countries and
regions. It does not seem possible at the present time to calculate values of some of the proposed
groundwater indicators at a worldwide scale. When coordinating socio-economic and environmental
data collection and harmonizing associated spatial and temporal scales becomes a concern, the relevant
UN organizations (e.g. UNESCO, FAO, IAEA, UNEP, WWAP) can be very helpful in bridging some of the
gaps.
It is suggested that this task starts with: drafting of an overview of existing data including indications of
their quality and reliability (for indicator formulation data reliability is always more important than how
large a data set is available); identifying data gaps; defining required variables that will serve for indi-
cator development; collecting relevant data; and creating a GIS database and tools to data processing
and assessment. This is, however, a collaborative process and the Groundwater Indicators Working
Group will continue iteratively to develop more relevant groundwater indicators and improve the avail-
ability of related data worldwide. The International Groundwater Resources Assessment Centre (IGRAC)
supports significantly the process of groundwater data collection and evaluation and groundwater indi-
cator development.
As a response to the immediate concern, efforts should be focused on improvement and/or establish-
ment and operation of national groundwater monitoring programmes to obtain relevant and mutually
comparable data about groundwater quality and quantity. These data should be related to social, econ-
omic and environmental data and other information needed for groundwater resource assessment and
indicator formulation. However, design and operation of groundwater monitoring networks is a tech-
nically and financially demanding process in terms of capital, operational and maintenance costs. A 
cost-benefit analysis is therefore desirable, to compare the value of data and information with the finan-
cial expenditure involved. In countries or regions where groundwater datasets are not adequate at the
present time to calculate relevant variables, their qualified estimation can be made and groundwater
indicators presented only in simplified forms. 
For instance, there is often some uncertainty in recharge calculation, which varies depending on data
reliability and methods applied. However, rainfall data are mostly available at the country level and from
remotely sensed precipitation data, surface water flows are also mostly recorded and soil and hydrogeo-
logical maps depicting soil texture, rock porosity, aquifer hydraulic conductivity and groundwater level
and flow directions are usually constructed too. Therefore, recharge calculation based on water balance
methods or Darcyan methods can be made and a recharge indicator formulated. However, a specific 
priority method of estimating recharge or other relevant variables is not proposed in this report. The
choice and application of suitable methods should be based on data availability, knowledge of the
groundwater system, climatic conditions, human impact or other circumstances. 
In many countries the permits for and evidence of groundwater abstraction for drinking, agricultural and
industrial purposes are obligatory by water legislation. Hence relevant data are available and facilitate
formulation of a groundwater abstraction indicator. However, some data will always be difficult to 
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30measure accurately. In the case of groundwater-irrigated agriculture, groundwater abstraction for 
cereals, fruit, vegetable and other products is significant, but its correct registration is troublesome.
According Chapagain and Hoekstra (2004) use of water for producing crops for export to international
markets significantly contributes to the exhaustion of national water resources.
In many less developed countries data about groundwater abstraction, quality, vulnerability and other
variables remains scarce. In cooperation with the UN international community, such countries are
encouraged to develop their groundwater monitoring networks and programmes, collect groundwater
data, assess their groundwater resources and use the information to support their policy and mana-
gement of groundwater resources and also start to formulate groundwater indicators.
Building up groundwater monitoring and assessment programmes with adequate scope to fill the gaps
in groundwater data is a scaling (from local to regional, national and global) process, that advances step
by step and which has to be funded and implemented within national and international water policy and
management plans and programmes. This process will be supported by countries, who are the key
providers of groundwater data and at the same time the main users of groundwater indicators. Thus
conditions will arise, that successive editions of the WWDR or groundwater projects in the next phases
of the IHP will produced more representative data and information about the quantity and quality of
world groundwater resources and more sophisticated and tailor-made groundwater indicators.
Groundwater data and information are collected particularly by national monitoring programmes, how-
ever, the IHP Programme and projects: (e.g. FRIEND, HELP, ISARM, IGRAC, WHYMAP) are also impor-
tant sources of groundwater data. The databases of UNESCO, FAO, IAEA, UNEP, WMO and WHO are
other noted sources of the information needed for indicator development. Within UNESCO and IAEA, a
common programme called the Joint International Isotopes in Hydrology Programme (JIIHP), indicators
formulation will be supported particularly by data relevant to non-renewable groundwater. 
Under the auspices of the WWAP, groundwater indicators will be integrated within the context of
broader economic and social dimensions and will support progress towards sustainable development,
protection and management of water resources at the global scale. 
The groundwater indicators proposed here have been tested in the case studies (chapter 7) at various
levels – from aquifer scale to the national dimension. The case studies have yielded feedback on the
application of the indicators, which will be used for their further development. Hopefully publishing 
the work undertaken so far will result in additional testing of the indicators that would add to the accu-
mulating experience.
To summarize what has been said with respect to the future direction of groundwater indicator develop-
ment, two aspects should be particularly emphasized: 
1. Formulation of some indicators is affected by uncertainty, which is inherent in several methods 
of groundwater indicator development. Uncertainties arise particularly from data scarcity and limi-
tations in knowledge of groundwater systems. In many countries and in large transboundary aquifers
the necessary datasets are not yet available, and processes in groundwater systems can only be
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31approximated. Uncertainty analysis helps to identify which data has to be observed and which 
monitoring methods have to be applied and sampling procedures standardized, to acquire mutually
comparable groundwater data and information. Establishment and/or improvement of groundwater
monitoring networks and data gathering will be a vehicle for more accurate and science-based 
formulation of groundwater indicators. Hence, it is recommended to start the process of ground-
water indicator development, even if groundwater data availability is limited at this time and calcu-
lation of some groundwater variables will be based on qualified estimation only, because selection of
such indicators tends to drive data collection.
However, through various international programmes (e.g. WHYCOS-World Hydrological Cycle
Observing Programme, IGOS-Integrating Global Observing System, IGWCO-Integrated Water Cycle
Observation) and with the recent advent of spatially discrete and high-resolution Earth systems data
sets, hope has been renewed for deriving indicators for the water resource situation – including those
for groundwater, using space technology. These newly-developed digital products are often global in
domain, are spatially and temporally coherent, and provide a consistent, political ‘boundary-free’
view of major elements defining the terrestrial water cycle, inclusive of groundwater. Arguably, when
properly developed, the system can help relieve dependence on in situ data and also pave the way to
standardization. However, data from national and local groundwater and surface water monitoring
networks are and will be always of fundamental importance for indicator development. 
2. It is not an urgent need to develop all of the groundwater indicators proposed in this report at the
country or regional levels. In countries whose groundwater datasets and knowledge of aquifers are
not yet sufficient, development of more sophisticated indicators will be postponed. However, such
gaps in groundwater data availability will advise government authorities about the need to establish,
enlarge and/or improve existing groundwater monitoring programmes, to collect relevant data and
thus support knowledge about national groundwater resources or potential transboundary ground-
water problems. Such policy developments will be reflected in gradual improvements of groundwater
databases needed for more precise calculation of groundwater variables and groundwater indicator
formulation.
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phenomenon. To understand the interrelationships between different indicators needs much more data,
study, reflection and consultation. Groundwater indicators are no exception. This document provides the
start of this vital process. There is much to be done, particularly in the area of groundwater as a funda-
mental source of water for poverty alleviation and health promotion all over the world, and particularly
in less developed countries.
As indicators are not simply data, they must be selected by a carefully planned and implemented
process. Developing ‘good’ indicators, however, is not an easy task and requires statistically meaningful
time series of reliable data to meet defined criteria. Because the same indicator may have to satisfy
often conflicting but equally important social, economic and environmental issues, deriving indicators 
or indices become an objective-maximization exercise constrained by the available time, human and
financial resources and partnership arrangements. The challenge lies in identifying or developing
denominators common to as many cases as possible, so that comparisons may be made. If data can be
gathered according to commonly agreed or standardized norms, then lessons can be drawn that may 
be transposable from one case to the other. 
Scaling is also an important attribute in indicator development and implementation. As the information
needs may differ at local, regional and global levels, indicators developed for a certain spatial scale may
not be useful at another scale. Another important issue is selection of the optimal spatial scale to aggre-
gate and present the values of the indicator or index. For example, the same set of data aggregated at
two different spatial scales may give two distinctive modes of interpretations. The most appropriate
scale for indicator implementation is the groundwater basin or aquifer unit, however, at the national
level some groundwater indicators are often applied too. The choice of the right scale depends on to
which target group the indicators will be presented (local communities, planners, managers, decision
makers, etc.). The importance of community-based indicators, which set water related targets relevant
for the local level is noted. The main advantages of these community indicators are the empowerment
they grant to local water users, linking indicators directly to outcomes. The development of indicators by
communities themselves can become a learning process and its outcomes can be used by scientists and
other indicator developers.
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Conclusions 5However, we must have always in mind that an indicator is an instrument for problem identification and
not for problem solution. For example, the groundwater quality indicator may help to detect high con-
centrations of nitrate, but such an indicator does not serve directly as a solution to the groundwater
quality problem. This requires identification of the origin of nitrate and choice of appropriate methods
for contamination remediation. Nevertheless, an indicator can help in assessment of the effectiveness of
the measures taken, i.e. whether they resulted in a decreasing trend in the concentration of the conta-
minant.
Combinations of several indicators are frequently used, because implementation of one single indicator
can only rarely satisfy the required objective(s). For instance, environment-related indicators (quality, vul-
nerability) can be seen as early warning indicators, which support identification of stresses and impacts
on groundwater systems at an early stage, when they are still controllable and manageable and 
measures to protect groundwater can be adopted in a timely way. Mutual integration of environmental
indicators also supports better understanding of groundwater contamination problems and, with respect
to DPSIR framework, helps to formulate a relevant response indicator. Indicators also serve to forecast
trends in groundwater quality, but only if they are repeatedly generated during a longer period of time
and statistically significant datasets are collected. The reliability of the collected data should be sup-
ported by the use of standardized monitoring and sampling methods. Indicators based on short term
monitoring data can-not identify slow changes in groundwater systems and are not suitable for planning
or managerial purposes. 
The set of proposed groundwater resource sustainability indicators is a first step in further development
of more sophisticated, next-generation indicators. Formulation of such indicators and their aggregation
with indicators developed in other sectors can support sustainable social and economic development of
society and sustainable management and environmentally sound protection and quality conservation of
groundwater resources. For example, the indicator for renewable groundwater resources per capita
introduced in this document needs to be analysed further in its relation to the DPSIR chain so that the
following questions can be answered. How can the groundwater per capita ratio be correlated with per
capita gross national product? What are the interactions between population growth and climate
change and this indicator? A similar approach can be adopted in relation to other indicators and the
DPSIR framework. For instance, how to aggregate groundwater quality and vulnerability indicators with
other water related indicators focused on damage to ecosystems. The need for advancing towards a sys-
tematic and integrated approach to the generation of more complex groundwater indicators and their
aggregation into water related indices, which summarise a wide range of information, is an urgent task
for the near future.
A participatory approach to indicator development, based on the objectives and interests of different
target groups and modes of communication between indicator developers and indicator users is an
important element in the process of indicator generation and implementation. The aim of this process is
to improve groundwater resource assessment and management, to achieve social, economic and envi-
ronmental benefits for society and to support governance and policy, based on coordination of water
actions between different territorial levels – local, national and, global.
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The proposed groundwater indicators have been implemented in several case studies at the aquifer
scale (Spain) and state and national level (The Republic of South Africa, Finland and the State of São
Paulo – Brazil). The method of formulation of individual indicators is presented in the example of the
indicator for renewable groundwater resources per capita. 
7.1 Method of calculation 
of the Renewable Groundwater 
Resources per Capita Indicator
Naim Haie 
University of Minho, Portugal
7.1.1 DEFINITIONS
➔ Groundwater resource: Gwr
Groundwater resource means the total renewable groundwater resources without taking into account its
quality, but brackish and saline water are excluded. Groundwater reserves (storage) are also not
included.
➔ Internal: Int
The total renewable groundwater resource generated from endogenous precipitation (the only part that
can be summed up for regional analysis).
7 Case studies➔ Inflow (an external flow): Inf
The total renewable groundwater resource that enters a country’s aquifer systems from the upstream
country’s aquifers (naturally or through agreements).
➔ Outflow (an external flow): Out
The total renewable groundwater resource that leaves a country’s aquifer systems to the downstream
countries’ aquifers. Groundwater outflow into the oceans is of special importance for coastal regions
(control of saltwater intrusion) and should be included in the estimation in such regions.
➔ Natural: Nat 
The potential (theoretical) total renewable groundwater resource of a country generated through precip-
itation in its natural condition, excluding all human influences (both Internal and Inflow). Its long term
yearly average value is ‘assumed’ to be stable in time. 
Note: its minimum value ‘in the lowest flow period of the lowest flow year’ is also important. 
➔ Actual: Act 
The natural total renewable groundwater resource of a country subtracting a portion of its Natural 
Inflow (geopolitical, socio-economical and environmental constraints):
A.  withdrawn by an upstream country and/or 
B.  preserved to be delivered to a downstream country through agreements.
This is an amount that varies with time. 
➔ Exploitable: Exp
Not all of the actual renewable groundwater resource of a country is usable for development purposes.
There are important restrictions such as: environmental and economic feasibility of abstracting ground-
water; the physical possibility of utilising the groundwater which naturally flows out to the sea; ground-
water quality; etc. 
Note: other terms which are used in this context are: usable groundwater reserves, developed ground-
water resources, safe yield of aquifer, etc. 
➔ Seepage: See
Surface water resource which infiltrates to become part of the groundwater resource.
➔ Baseflow: Bas
Groundwater resource which becomes part of the surface water resource (streamflow is important for
aquatic habitat). 
➔ Dependency ratio: Dr
Percentage of the total renewable water resource originating outside the country.
➔ Inhabitants: Inh
The demographic variables that have implications for ecological systems include population size and
rate of change over time (birth and death rates), age and gender structure of a population, household
distribution by size and composition, spatial distribution (urban versus rural and by country and ecosys-
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38tem), migration patterns, and level of educational attainment. The interactions between population and
ecosystems are complex. 
Population size and other demographic variables influence the use of food, fiber, clean water, energy,
shelter, transport, and a wide range of ecosystem services. 
Increases in population decrease the per capita availability of both renewable and nonrenewable
resources. When coupled with growing income and other factors such as urbanization and market devel-
opment, population growth increases the demand for food and energy.
Demographic projections suggest that future population growth rates will not be uniform throughout
the world. At least 95 percent of the additional 3 billion or so people likely to inhabit the planet in the
next 50 years will live in developing countries, and most will be in the tropics and sub-tropics (World
Resources Institute, 2003).
Artificial recharge should be added where it is a significant factor. Depending on the source of this
water, care should be taken that there is no double accounting related to this component.
7.1.2  METHODOLOGY
The units of all the variables are the same, e.g., m3 (per year).
IntAct = IntNat according to our definitions.
Data on Inflows and Outflows are rarely available and difficult to gather, needing a good understanding
of the aquifer (FAO, 2003). In the best scenario, it would be desirable that a country agrees with its
upstream neighbours to produce one set of data (say only the Inflows). Then Inflow of one country is (a
portion of) the Outflow of the other. But it should be also mentioned that it has been noticed that with
negligible recharge in an upstream country, there are still Outflows from that country meaning that
groundwater flows whether there is recharge or not (renewable or not). Outflow into sinks (such as
oceans and seas) are not considered here. 
IntNat = Rec + See – Bas
Rec = Total groundwater recharge generated from precipitation within a country.
Natural, Nat Actual, Act
Internal, Int IntNat IntAct = IntNat
Inflow, Inf InfNat InfAct
Outflow, Out OutNat OutAct
Total GwrNat = Gwr GwrAct
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39Care should be taken that the amount (See – Bas) is not duplicated in the estimation of surface water
resources.
Gwr = IntNat + InfNat = Rec + See – Bas + InfNat
GwrAct = IntAct + InfAct – OutAct = IntNat + InfAct – OutAct
GwrInh = Gwr/Inh [m3/year/inh]
GwrDr = 100 x InfNat / Gwr
Trend analysis
Descriptive trend analysis: 
How is the state of the indicator and/or part of the indicator developing?
Examples in our case:
• Groundwater resource trends over time because of climate change.
• Population trends over time. 
• And how the indicator might change by combining the above 2 points?
7.1.3  CALCULATION METHODS
❚ Recharge (Rec)
Refer to the methods described under the indicator: Groundwater recharge/Total abstraction of groundwater.
Some examples: 
A) Kinzelbach (2002) gives a number of methods for calculating groundwater recharge in arid and semi-
arid regions:
➔ Direct measurements:
• Lysimeters;
➔ Water balance methods (including hydrograph methods):
• Water table rise method – particularly if in-outflows are known or are negligible;
➔ Darcyan methods:
• Numerical flow model;
➔ Tracer methods:
• Chloride method.
B) Rutledge (2000) from the USGS-RORA programme uses streamflow records to estimate groundwater
recharge.
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40C) Ulmen (2000) uses a Soil Water Balance to find Rec: 
❚ InfNat
This quantity for a country depends on the situation of its upstream countries. Hypothetical examples:
Country being analysed = CA
Upstream Country i = UCi, I = 1, 2, …
Upstream Country i with Ocean/Sea = UCiO 
Ocean
CA
UC1 CA
UC2
UC1 CA
UC1O
InfNat into CA = Gwr of UC1
InfNat into CA = a x Gwr of UC1 + Gwr of UC2 (a < 1, in this
case UC1 being upstream to both CA and UC2, we have a = 1/3
in proportion to the perimeter of their common border)
InfNat into CA = a x Gwr of UC1 + b x Gwr of UC1O 
(a = 1/3, b = 1/4)
Module 5:
Soil water balance
percolation
in mm
actual
evapotranspiration
in mm
P eff–PE >  0 Yes No
potential
evapotranspiration
in mm
e
available
field capacity
rooting
depth
water holding
capacity
(WHC)
AE PE ii =
effectiv
precipitation
in mm
WHC) × (1.1282
1.2756
PERCi= 0
soil storage
in mm
> WHC
Yes No
SW H C i =
PERCi =
PERCi = 0
soil
texture
land use
data
Si–1 + Peff,i – AEi
Si = Si–1+ (Peffi – AEi)
Si = Si–1 x e (–aThorn | Pi –PEi|)
AEi = Pi + (Si – Si–1)
Si–1+ (Peffi – AEi) – WHC
aThorn = InWHC
Peff     effective precipitation [mm]
PE       potential evaporation [mm]
AE       actual evaporation [mm]
WHC   water holfing capacity [mm]
S         soil storage [mm] 
Source: Ulmen (2000).
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41❚ InfAct and OutAct
To calculate these quantities, withdrawals and treaties of each country in relation to its neighbouring
countries need to be known. 
❚ Inh
UN Population Division; UNFPA; FAOSTAT; US Census Bureau; etc. 
❚ See – Bas
❙ A- See
A1-
River channel water balance
If recharge is confined to seepage from a river channel, the observations necessary could in principle
be very simple. If flow is measured between two points along the river, the difference may at least
convey some information about an upper bound for seepage.
A2-
Semi-arid areas:
The groundwater resources could be obtained from (FAO, 2003):
• rainfall infiltration estimates or 
• analyses of measured groundwater levels/heads in aquifers.
A3-
Telis (2001) gives estimation of infiltration rates of saturated soils in a river basin in the US. 
❙ B- Bas
Particularly in humid areas, river baseflow is presumed to be purely groundwater outflow. In the long
term, this outflow must balance the inflow, i.e., recharge, hence the importance of calculating baseflow.
However care should be taken for the calculation of the surface flow as it includes a part of the ground-
water resources.
B1-
(Ulmen, 2000) 
Basi,j = k x Basi,j–1 + (1–k) x Reci / di = 1, di
where
k daily recession constant [dimensionless]
Bas i,j baseflow at the j-th day (of the i-th month) [mm]
Reci recharge (percolation) in the i-th month [mm]
di number of days of the i-th month
j ∀
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42Baseflow of the i-th month Basi is finally equal to the sum of all daily base flows Basi,j of that month:
Basi =
Please refer to the reference for information about k and how to find it. Two methods for its calcu-
lation are given: 
• from measured daily runoff (gauged basins),
• hydrogeology (where daily runoff is not available – ungauged basins). 
Thornthwaite and Mather (1957) use k = 0,5 invariant with time and space: 
Basi = 0.5 x Basi–1+ 0.5 x Rec 
B2-
Sloto and Crouse (1996) uses three methods of hydrograph separation (in HYSEP; USGS) to separate
a streamflow hydrograph into base-flow and surface-runoff components.
❙ C- See – Bas
For the case of Tunisia (FAO, 2003), the overlap between surface and groundwater = less than 50% of
groundwater recharge; only a small part of the groundwater is drained by rivers (equal to the low
flow of water courses). Most of the groundwater escapes and flow out into the sea, or into sebhat in
arid areas. In addition, there is probably some infiltration from surface water.
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7.2.1   HYDROGEOLOGICAL SYNTHESIS 
The Sierra de Estepa is located in the south of Spain, in the central region of Andalusia (in the province
of Seville) and in the Guadalquivir River Basin (Fig.1). It covers an area of 30 km2 with heights that range
from 500 to 845 m. It represents the only source of water supply in a semi-arid climate zone (with an
average precipitation of 500 mm/year). The district has a population of 50,000 inhabitants with the main
economic activity being farming, principally growing olives.  
Geologically, it belongs to the External Sub-betic domain of the Betic Range, formed by outcrops from
the Jurassic Period with a north-trending anticlinal dome shape. The aquifer is dominantly carbonate,
with a rising surface covering an area of 24 km2, it shows a predominantly free nature and a regional flow
to the southwest and to the east-southeast. Its main source of recharge is the infiltration of rainwater,
whereas it is discharged through springs that are currently controlled by wells. The current head level
fluctuates between 463 and 477 m asl (at a depth of 1.5 to 91 m). Groundwater is used for urban water
supply and irrigation. It provides water for a population of 50,000 inhabitants, which means a demand of
400 m3/h and 350 ha of olive groves are irrigated with an annual supply of 2000 m3/ha/year (a demand
of 80 m3/h, Junta de Andalucia, 2000).
The waters show a high content of bicarbonate and calcium with significant amounts of chloride and
sodium, depending on the monitoring point. The water is potable for human consumption (Directive
98/93/EC and Ministerio de la Presidencia RD 140/2003) and with a low risk of soil salinisation and alka-
linisation (according to standards established by Thorne and Peterson, 1954). Quarries, roads and, to a
lesser extent, cattle farms are potential candidates for contamination, since agriculture is concentrated
in the clay materials belonging to the Cretaceous and Keuper periods far away from the recharge area.
Piezometric, quality and hydrometric control systems, along with historical data since the 1970s are
available (Fig. 2). The monitoring points are mainly wells. At the moment there are 12 points for monthly
piezometric measurement, 5 of which have historic records (1976–2004) and 3 with continuous record-
ings. The readings of monthly levels are taken 24 hours after stopping the pumps, when the level has
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44settled again. The quality observation system has 12 points for testing every six months, 4 of which have
historic registers (1977–2004). Samples are taken directly (from the springs), using samplers (probes and
piezometers), or after a certain amount of pumping time (wells). The parameters for testing are the 
following: DQO, pH, EC, Na, K, Ca, Mg, HCO3, SO4, Cl, NO3, NO2, NH4, P2O5 and SiO2. In the field,
values are determined for pH, T, EC and alkalinity. There are 2 points for testing the chemical com-
position of the rainwater since 2003. The hydrometric observation system consists of 2 points with 
continuous recordings since 2001. 
7.2.2 GROUNDWATER INDICATORS 
• Recharge with respect to total abstraction 
(Recharge/Total abstraction x 100)
The average recharge is around 0.0053 km3/year for an average annual rainfall of 503 mm (1975–1999)
and a 44% rate of infiltration. In dry seasons there is a 20% rate of infiltration, whereas in wet seasons
this can rise to 80% (Vázquez Mora et. al, 2001). The total abstractions are given by the extractions for
water supply (400 m3/h), extractions for irrigation (80 m3/h) and natural discharge through springs
(57 m3/h ). The values obtained for this indicator fluctuate between 52 and 208, with an average value of
around 114, which indicates a use of groundwater that is not sustainable in dry seasons.  
Fig. 1. Geographic location and monitoring systems in Sierra de Estepa  (Seville, Spain)
CASE STUDIES
45
Sierra de  Estepa
TERTIARY
LOWER CRETACEOUS
(Marls)
JURASSIC AQUIFER
(Limestones and dolomites)
CONTROL POINT
Sierra de Estepa• Total abstraction with respect to available resources 
(Total abstraction/Available resources x 100)
The available resources of groundwater (Rd) have been obtained from the expression:
Rd = (Rv/t) – Qe
Rv volume of water between the head level (water contour lines, May 2004) and the minimum level 
of discharge (460 m). The volume of rock obtained is 0.51 km3, so that for an effective porosity of 
0.033 (Vázquez Mora et al., 2001), the resulting volume of water is 0.017 km3(‘usable’ reserves);
t time in which ‘usable’ reserves are going to be extracted;
Qe minimum natural discharge in accordance with certain environmental conditions: 57 m3/h.
The sustainable use in terms of quantity is reached when ‘Rv’ is extracted in 3.3 years, in this situation
the indicator value is 100. For shorter extraction times, the indicator is less than 100, and the use is non-
sustainable. When the extraction time is longer, use is considered to be sustainable and the indicator
shows values greater than 100. In the present situation ‘Rv’ is extracted in one year, the indicator value is
about 30 and the use is non-sustainable.
• Variation in groundwater storage
The monitoring locations have been shown together with the periodic data concerning head levels for 
at least the last 5 years. The absence of surface water courses and historic data for springs under non-
influential regime means that the groundwater flow rate evolution cannot be taken into account. The
data available for head levels show that all points undergo a similar evolution, which seems to indicate a
single storage regardless of the sector considered and permits focusing the work on the median. The
comparison of such data with precipitation shows a good correlation and a rapid recovery of the levels.
Fig. 2 illustrates this evolution along with the graphic and numerical indices obtained with respect to the
historic evolution of the levels (1976–2004) and with the current situation. 
The joint interpretation of all the graphic and numerical indices obtained shows a constant trend in the
evolution of levels, without any significant signs of depletion and/or reduction of groundwater resources. 
The piezometric situation index considered is obtained by the expression (Pernía and Corral, 2001):
(Nh)i Piezometric situation index (Filling index)
h  Historic control period (years)
i Date (month) on which the reading is taken
NPi Head level measured in month i
NPMAX Maximum head level on the date in the period 
NPMIN Minimum head level on the date in the period 
0 ≤ Nh ≤ 1
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i MIN i
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) (NP NP
NP
NP
) (N
−
−
=
∆
∆
=In order to avoid the influence of anomalous extreme values (dynamic levels, measuring errors, etc.) this
index has also been applied, replacing the maximum and minimum levels with percentiles 90 and 10
respectively. 
Fig. 2.  Graphic and numerical indices related to storage variation
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Statistical parameters 
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STATISTICAL PARAMETERS AND NUMERICAL INDICES (MEDIAN)• Groundwater vulnerability 
The aquifer in the Sierra de Estepa has a predominantly free nature with karstic features. The ‘Mapa de
Vulnerabilidad a la Contaminación de los Mantos Acuíferos’ (IGME,1972) describes it as ‘Lands in which
the aquifers are extremely vulnerable to pollution. Areas where it is necessary to maximise precautions.’
In the work done on the vulnerability of the aquifers in the Guadalquivir River Basin for the European
Commission (MOPTMA, 1994) according to the DRASTIC and the GOD assessment methods, the value
of the vulnerability is 141–155 for the former and 0.5–0.7 (high) for the latter.
• Groundwater quality 
The sampling campaign for October 2003 indicates a high content of bicarbonate and calcium with sig-
nificant traces of chloride and sodium depending on the monitoring point (Fig. 3). 
Fig. 3. Chemical composition of groundwater: vertical logarithmic columns 
and Piper diagram (October 2003)
The water is acceptable for human consumption (Directive 98/93/EC and RD 140/2003) and with low risk
of soil salinisation and alkalinisation (standards established by Thorne and Peterson, 1954). DQO is
between 0.6 and 1 mg/L of O2 (May–June 2003), NO3 between 16 and 70 mg/L (an average of
33.8 mg/L) and at one of the points analysed (1541-8-0047) NO2 is 1.1 mg/L. If average values are con-
sidered, there is a risk of contamination by nitrate (68% VL; Table 1). However, if the maximum values are
considered, there is a serious risk of contamination by nitrate (140% VL) and nitrites (220% VL). At point
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48
Standard values
of water acceptable
for human consumption1641-1-0036 (6) there is also a risk of contamination by chloride and sodium (92% and 71% VL respec-
tively). The contamination parameters selected are: NO3, Cl and Na, and the ones for quality are: EC,
HCO3 and Ca. The joint treatment of the 194 chemical analyses available (1967–2003) confirms the con-
tent of calcium and bicarbonate as well as the selected parameters. 
Table 1. Risk of contamination and chemical state of groundwater (modified from Costa, 2002),
VL = limit value according to use of water or threshold for chemical state,VN = natural value
In Fig. 4 can be seen the graphic and numerical indices with respect to quality. The graphic indices are:
frequency charts (1976–2003 and 2003 compared with the average value for 1976–2003), linear regres-
sion for the median and evolution of percentiles 25, 50 and 75%. The tendency index is ascertained from
the slope of the straight line obtained by means of linear regression. 
The quality index and the evolution index for a specific parameter ‘p’ is obtained by the expressions:
ICp Quality index for the chemical state of parameter ‘p’.
IEp Evolution index for the chemical state of parameter ‘p’.
[P] Current concentration of parameter ‘p’ (most recent year or
campaign).
[PMax] Maximum concentration measured during the control period.
[VL] Limit value according to use or threshold for chemical state of
parameter ‘p’ according to standards of quality established by
the European Commission (2003) (at the moment values estab-
lished by Directive 98/93/EC and RD 140/2003).
[VN] Concentration or natural value (when this is not known, it should
be replaced by the minimum concentration of parameter ‘p’
during the observation period).
The quality index informs about the risk and type of contamination with respect to the use of the water
and/or the chemical state of a specific point or volume of water. The evolution index enables the current
state to be assessed in comparison with the control period. In order to avoid the influence of anomalous
extreme values (contamination from point sources, measuring errors, etc.) this index has also been
applied replacing the maximum concentration with the median during the control period. In ‘Sierra de
Estepa’, the quality index for nitrate (0.68; between 0.5 and 1) shows a moderate contamination risk.
The quality indices for chloride and sodium (0.15 and 0.11; between 0 and 0.5) indicate a slight problem
in general (with the exception of point 1641-1-0036). The evolution index for nitrate is equal to 1, there-
fore at the moment (October 2003) the maximum concentration is obtained during the observation
period. The linear regression of 0.54 indicates a tendency towards an increase in nitrates (Fig. 4). The
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Orientative value Type of problem Contamination risk Chemical state
> 1000% VL Very serious
> 100% VL Serious
> 50%  VL Moderate
< 50% VL>VN Slight
 VN Zero No risk
Risk
Contamination Bad
Good
[]
[] L
P V
P
IC =
[] []
[] [] N Max
N
P V P
V P
IE
−
−
=evolution index for chloride is equal to 0.42 and the evolution index for sodium is 0.89, also very close to
the maximum measured during the control period. 
Fig. 4. Graphic and numerical indices for quality
• Groundwater usability with respect to treatment requirement
The waters are suitable for all types of use, including human consumption, with no need of previous
treatment.
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Evolution index 1,00 0,89 0,43
Statistical parameters 
Chemical state index 
(October 2003)
Frequency chart  (1976–2003)
Evolution of percentiles
Frequency chart (2003 compared with 1976–2003)7.2.3 CONCLUSION 
The integration and joint analysis of all the indicators presented enables us to conclude that groundwa-
ter in the   Sierra de Estepa is used in a sustainable way, taking into account both the quantity and the
quality of resources available. This sustainability is observed in the evolution tendencies obtained for
both the head levels and the main water chemical parameters. Only during dry periods (20% rate of infil-
tration) and/or when usable reserves are extracted in less than 3 years, can a non-sustainable situation
occur with regard to quantity. With respect to quality, there is a certain tendency towards an increase, as
well as a risk of nitrate contamination, which should be controlled. Likewise, a significant and dispropor-
tionate increase in extraction may lead to a risk of contamination by chloride and sodium in areas close
to Keuper evaporitic materials.
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7.3.1 INTRODUCTION
Finland is a relatively large and sparsely populated country. Finland is located in the northern hemi-
sphere with the Artic Circle crossing it. As Finland has been a member of the European Union (EU) since
1995, the Water Framework Directive (WFD, 2000/60/EC) governs also Finnish water policy. The overall
goal of the WFD is for all groundwater bodies to have ‘good chemical and quantitative status’ by 2015.
Obligations set by the current legislation have a crucial effect on the kind of data are collected, even
though the historical development of regulation and national monitoring also play a role. The two min-
istries responsible for water related issues are the Ministry of the Environment and the Ministry of
Agriculture and Forestry at the national policy level. The Regional Environment Centres (altogether 13)
follow the state and use of (ground)water in their areas as regional authorities, and the Finnish
Environment Institute (SYKE) is the government research and development centre which compiles data
and carries out analyses for the purposes of national and international reporting.
The objective of this case study is to test the applicability of the groundwater indicators defined by the
UNESCO/IAEA/IAH Working Group on Groundwater Indicators (WG) by using  groundwater data from
Finland, and to assess the availability and suitability of data for determining the indicators. The data-
bases of the Finnish environment administration were mainly used in the testing. As background, this
case study reviews the occurrence and utilization of groundwater in Finland.
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Hydrological cycle in Finland 
In Finland the average rainfall is 660 mm/a, of which about 13 percent infiltrates into groundwater, 
while most of the precipitation evaporates or is discharged as runoff. Areally precipitation varies from
approximately 450 to 800 mm/a. Figure 1 shows the circulation of water in Finland. It can be seen that
even in a climate with cold winters, half of the annual rainfall evaporates (Kuusisto, 1986; Hyvärinen et
al., 1995). Recently, water use by sectors was approximately as follows: urban 12.6%, agriculture 2.4%,
industry 33.2%, cooling and other 50.5% (European Topic Centre on Inland Waters, in EEA 1999).
Figure 1. Water circulation in Finland (Kuusisto 1986)
In general, groundwater forms during spring, when snow melts, and after autumn rains. The amounts
formed are low after the summer when the precipitation has evaporated and only some water infiltrates
to groundwater. Another low level is in late winter before the snow starts to melt (Soveri et al., 2001).
Geology lays the foundation
The only geological formations found in Finland are the oldest Precambrian formations, which lay the
foundation for the whole complex and the youngest glacial formations (Mälkki, 1999). Several ice sheets
have covered Finland during the last 115,000 years and shaped the superficial deposits (Donner, 1995).
The last ice age ended in Finland about 9,000–12,600 years ago (Salonen et al., 2002). The Salpausselkä
ice-marginal formations originate from 11,000–10,000 years ago as the ice retreat halted for appro-
ximately a thousand years. Salpausselkä formations and the connecting eskers are of vital importance as
they host a great part of the most significant aquifers (Salonen et al., 2002; Mälkki, 1999).
The most important aquifers are sand-gravel deposits in longitudinal eskers and ice marginal deposits
which cover five percent of the area of Finland. In gravel and sand areas groundwater is usually easily
exploitable. In rural areas, private wells are used, tapping groundwater in moraine and also in the crys-
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1 1 0talline bedrock. Usually the yield is sufficient for a single household. (Korkka-Niemi and Salonen, 1996;
Backman et al., 1999; Mälkki, 1999).
Classification of groundwater areas 
To improve the protection of Finnish groundwater resources, the classification of so-called ‘Groundwater
Areas’ was implemented in the 1980s. The purpose of this exercise was to identify priority areas for
groundwater utilization as well as to improve the management of groundwater. The classification divides
groundwater areas into three classes according to their priority: I) Groundwater area important for water
supply, II) Groundwater area suitable for water supply and III) Other groundwater area. The classification
is still being continuously revised, e.g. by assessing the suitability of areas in class III for water supply, as
water supply investigations are being carried out. Aquifers, as referred to in the indicator definitions,
occur mainly in classes I and II. Altogether 6,557 groundwater areas have been defined by the beginning
of 2005. Of the total, 2,282 belong to the first class, 1,474 to the second class and 2,801 to the third class.
Figure 2 shows the geographical location of these groundwater areas (Britschgi and Gustafsson, 1996).
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Figure 2. The classified groundwater areas. (updated 14.1.2005) 
and locations of examples described in the textGroundwater recharge in the classified areas was estimated by Britschgi and Gustafsson (1996) to be
5.8 million m3/d, based on area, local precipitation and the approximate infiltration coefficient for each
area. Each groundwater area has a defined inner zone of estimated groundwater formation. Based on
information provided by the Regional Environment Centres for WFD reporting in 2005, settlements used
approximately 94% of the groundwater abstracted (a total of approximately 630,000 m3/d) by water-
works supplying more than 100 m3/d. Industry used approximately 6% of the abstraction.
Groundwater quality 
Finnish groundwater is commonly slightly acidic due to the bedrock consisting of acidic intrusive igneous
and metamorphic rocks and only minor fractions of carbonate minerals. The pH is on average 6.5. The
amounts of dissolved compounds are small, which leads to low hardness. Alkalinity of groundwater is
mostly low, about 1.0 mmol/L so the buffer capacity is low. Conductivity is also low, usually less than
10 mS/m or at least under 50 mS/m (Lahermo et al. , 1990; Korkka-Niemi and Salonen, 1996; Mälkki, 1999).
In Finland nitrate concentrations are very low. According to a nitrate survey made in 1994 the nitrate
concentration in groundwater in the natural state is 1–2 mg/L, and according to Soveri et al. (2001) even
less than 0.5 mg/L. Nitrate concentrations are not a problem in Finland, only 1.8% of the waterworks
using groundwater have nitrate concentrations exceeding 25 mg/L which is the maximum allowable in
drinking water according to the Finnish Ministry of Social Affairs and Health (2000) (Lehtikangas et al.,
1995).
There are also some regional characteristics in groundwater quality. In coastal areas electrical conductiv-
ity is higher due to higher chloride concentrations. On the western coast, iron and manganese concen-
trations are quite high because the clay formations capping the aquifers diminish recharge and cause
reducing conditions. Sulfide ores cause higher sulphate concentrations in eastern Finland as well as on
the southern and western coast. (Lahermo et al. 1990, Korkka-Niemi and Salonen 1996) In the southeast
and southwest there are so-called rapakivi granite areas, which contain more fluorine-bearing minerals
than other granites. There the fluoride concentrations in shallow groundwater drainage areas are more
than one order of magnitude higher (1–1.5 mg/L) than elsewhere (generally around 0.1 mg/L) (Lahermo
and Backman, 2000). Fluoride concentration exceeds the recommended value in 6.9% of private wells
(Korkka-Niemi, 2001). High fluoride concentrations are estimated to constitute a practical water supply
problem in 3–4% of the country’s private and municipal wells (Kajoniemi, 2003).
Uranium and radon are also found at the highest concentrations in areas where the bedrock consists of
granite. Radon, particularly, is a problem of drilled bedrock wells in rural areas. In a study by Backman 
et al. (1999), the radon mean values vary from 17.1 Bq/L in dug wells to 553 Bq/L in drilled wells.
According to the Nuclear Safety Authority, approximately 20,000 people using drilled private wells regu-
larly drink groundwater that exceeds the recommended maximum of 1,000 Bq/L set by the Authority.
This corresponds to 10% of the users of private drilled wells (STUK 2000). Arsenic is a problem of drilled
wells in certain geographical areas e.g. in south-central Finland (Kahelin et al., 1998).
One of the most studied problems for groundwater quality from human activities in Finland is the
sodium chloride used for de-icing of slippery roads in winter time. According to Nystén et al. (1999), the
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prevention of corrosion of pipes) in 34% of the observation wells in 84 groundwater areas in the First
Salpausselkä zone (Fig. 2). According to Korkka-Niemi (2001), 2.7% of private wells have chloride con-
centrations exceeding the guideline value. Roads that are used for transporting various hazardous chem-
icals also pose a risk to groundwater. Along the main roads there are also gas stations with fuel tanks.
Groundwater is exposed to the chemicals used by industry, landfill sites and many smaller risks, but
potentially harmful activities are preferably located outside groundwater areas or special protective
measures are required before a permit is granted.
7.3.3 INDICATOR APPLICATION
• Groundwater renewable resources per capita
The first indicator shows how much groundwater is theoretically available for each inhabitant per year.
These groundwater renewable resources consist of the recharge from precipitation (Recharge), surface
water that infiltrates into groundwater (Seepage), groundwater which discharges to surface water (Base
flow), the flow of groundwater from (and to) neighbouring countries (Inflow) and artificial recharge
(Groundwater Indicators Working Group, 2004).
Recharge
The water balance of Finland is presented in Figure 1. In an average year, 85 mm of precipitation 
infiltrates into groundwater. Recharge is the average infiltration multiplied by the area of Finland
(304,473 km2) without surface waters. (Kuusisto, 1986; Statistics Finland, 2004). Recharge can be esti-
mated more accurately for groundwater areas in classes I and II where community water supply is
focused. Using the approximate distribution of mineral soil types and their average infiltration properties
it would also be possible to estimate recharge at different scales.
Seepage
There are no estimations or data about seepage. It is considered that the impact of seepage is minor
compared to the impact of recharge or base flow. In humid areas like Finland, the flow is usually 
from groundwater to surface water. Under special circumstances, for example, when groundwater is
abstracted close to a waterbody, the flow can also be reversed (Knutsson and Morfeldt, 1993).
Base flow 
In the water balance (Figure 1), the base flow is estimated to be 83 mm. It is multiplied by the area of
Finland without surface waters to get the total base flow in Finland. Due to e.g. the occurrence of peat-
lands, there is a degree of uncertainty involved.
[m3/a per capita]
Groundwater renewable resources
Inhabitants
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The inflow from neighbouring countries has only a marginal effect on renewable groundwater resources
in Finland. Finland has approximately 15 groundwater areas shared with Russia and 20 areas in the vicin-
ity of the border with Norway. There are no common groundwater areas with Sweden as the Tornio River
forms the boundary. As there are altogether 3,756 groundwater areas in classes I and II, these 35 areas
are not very important. These shared areas are situated in sparsely populated areas and there is no pres-
sure to use them for municipal water supply.
Artificial recharge
In 1999, artificially recharged groundwater made up approximately about 12 percent of the water sup-
plied by waterworks. The volume of artificial recharge is hence about 0.050 km3/a.
Inhabitants
At the end of 2003 Finland had 5,219,732 inhabitants (Statistics Finland, 2004). According to the popu-
lation projection, Finland’s population is likely to stay quite stable and consequently water is expected to
suffice in future (Table 1).
Table 1. Population projection for Finland (Statistics Finland 2004)
Gwrr = (Recharge – Base flow) x Surface area + Seepage + Inflow + Artificial recharge)
= (85 mm/a – 83 mm/a) x 10 –6mm/km x 304,473 km2 + 0 + 0 + 0.050 km3/a
= 0.6589 km3/a
Gwrr/Population = 0.6589 km3/a /5,219,732
Indicator value: 
Gwrr/Capita = 126.2 m3/a x capita
Sometimes, depending on the changes in climate and other features, the reserves are full or partially
filled, which has an impact on base flow. But during an average year in Finland, as much water infiltrates
into groundwater as flows out. The flowing out is due to abstraction or base flow. Abstraction, however,
is considered in the following indicator. 
• Total abstraction of groundwater/Groundwater recharge
This indicator compares the amounts of abstracted groundwater to the total groundwater recharge. In
Total abstraction of groundwater
Groundwater recharge 
x 100 (%)
2010 2020 2030
Population 5,268,000 5,317,000 5,291,000
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‘Groundwater resources per capita’. Irrigation loss is a minor factor in Finland as irrigation is seldom
used. If it is used, it occurs only in summer time, when groundwater basins are not recharged because of
the evaporation. Total abstraction includes groundwater use for domestic purposes, industry and 
agriculture.
Agriculture uses groundwater in animal husbandry. Some farms use water from public waterworks, but
most of them use groundwater from their own wells. Data on groundwater volumes extracted from 
private wells used in agriculture are not available, but based on the national statistics on livestock, some
estimates could be made.
The data on groundwater used by waterworks and on water treatment derives from National Water
Supply Statistics, which contain multifaceted information on producing drinking water and treating
sewage (Lapinlampi and Raassina, 2002). Since 1994, waterworks supplying water to 50 people or 
more have been included in the statistics. Data on water pumped into water supply networks are part 
of these statistics, including the water used by waterworks and leakage water from the networks, which
are estimated to be approximately 13%. A nationwide rural well water survey estimated that about
310,0005 households and about 20% of Finnish people use regularly water from private wells. One
household is estimated to use about 0.5 m3/d (Korkka-Niemi et al., 1993).
Surface water is used on a large scale by industry, but sectors like the food industry requiring high 
quality water use also groundwater. Industries that have groundwater intake plants of their own use
11,668,668 m3/a of groundwater. The figure derives from VAHTI, the compliance monitoring system 
containing data of the environmental licences required for activities posing a pollution risk to the 
environment and of emissions to water and soil. The permitted activities in VAHTI make up about
75–80% of total groundwater use of industry.
The total abstraction of groundwater is arrived at in following way : 
Total abstraction = abstraction by municipal waterworks using groundwater + number of households 
using own wells x 0.5 m3/d x 365 d/a + groundwater use in industry 
(+ groundwater use in agriculture) 
=2 3 9x1 0 6m3/a + 310,000 x 0,5 x 365 m3/a + 11,668,668 m3/a
= 306 x 106 m3/a = 0.306 km3/a
Indicator value: Total abstraction of groundwater x 100% /Groundwater recharge
In our case, indicator value: 
= 0.306 km3/a  x 100%/85 mm/a  x 10–6mm/km  x 304,473 km2
= 1.2%
The latest data about abstraction of groundwater by municipal waterworks is from 1999 but since the
increase of the use of groundwater has been modest, the year 1999 does not differ remarkably from
abstraction in 2003 (Lapinlampi and Raassina, 2002).
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the use of wells is a rough estimation, and since 1993 the number of people using private wells has been
decreasing due to urbanisation, extended coverage of water distribution networks and improved com-
munity water supply. In 1993 about 15 percent of the inhabitants of Finland were outside the community
water supply while in 1999 the share was about 11 percent. This small change has not been taken under
consideration when evaluating water use in rural areas (Lapinlampi and Raassina, 2002).
• Total abstraction of groundwater/
Exploitable groundwater resources
This indicator tells whether groundwater abstraction is sustainable or not. The result belongs to one of
the following scenarios:
Scenario 1: abstraction ≤ recharge; i.e. < 90%
Scenario 2: abstraction = recharge; i.e. = 100%
Scenario 3: abstraction > recharge; i.e. > 100%
Mälkki (1999) estimated the renewable reserves in superficial deposits and bedrock in Finland. The
reserves in bedrock were estimated on the basis of an average area (1 ha) of a fractured zone and the 
frequency of occurrence of fractured zones in bedrock (1/km2). When taking into account the coverage
of terrain, nearly half of the area of Finland (150,000 km2) can be considered as a potential area for
bedrock groundwater. This groundwater is considered exploitable down to a depth of 100 meters
(Rönkä, 1983; Niini and Niini, 1995; cf. Mälkki, 1999). In practice the depth of drilled wells in Finland is
about 60–80 meters (Piekkala 2005). The porosity of the bedrock is estimated to be one percent. The
reserves in bedrock are estimated to be 1.5 km3. When a bedrock aquifer is used as a water source, the
annual recharge is about half the volume of water reserves in a fractured zone. So the flow rate is esti-
mated total to be about 23 m3/s (Mälkki, 1999).
In the case of superficial deposits, the groundwater-containing layer is evaluated to be 10 m thick and its
porosity 20 percent. The area of groundwater areas has been evaluated several times, the last estimation
is from the national classification of groundwater areas (Britschgi and Gustafsson, 1996). Currently the
spatial analysis is facilitated by the information widely available in GIS format. Mälkki calculated the area
to be 6,000 km2 and it covers the aquifers important for water supply. So the water reserves under
ground are 12 km3 and the estimated flow rate is 70–75 m3/s.
The estimations of renewable reserves of groundwater by Mälkki (1999) and artificial recharge are added
together:
(23+70) m3/s  x 3,600 s/h  x 24 h/d  x 365 d/a  x 10 –9 km3/m3+ 0.046 km3/a = 2.978848 km3/a
Total abstraction is defined in the indicator ‘Total abstraction groundwater/Groundwater recharge’ and
it is 0.307 km3/a.
Indicator value: Total groundwater abstraction  x 100%/Exploitable groundwater resources
Total abstraction of groundwater
Exploitable groundwater resources
x 100 (%)
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= 0.307 km3/a x 100% / 2.978848 km3/a = 10.3%
This indicator value being much higher than total abstraction/recharge probably results from the gene-
rally small storage of small glacial aquifers in Finland in relation to recharge. According to the classi-
fication of the Groundwater Indicators Working Group, the defined indicator value falling into the first
scenario shows that the groundwater resources are ‘underdeveloped’ and the use could probably be 
further developed. The current trend in Finland is that groundwater is increasingly used for water supply.
The capital city area with approx. a million inhabitants relies on surface water, though. The increase 
is largest in the use of artificially recharged groundwater which was estimated to make up 2% of the
community water supply in 2004 based on the National Water Supply Statistics. Two large artificial
recharge schemes are in the environmental permitting process.
• Groundwater as a percentage of total drinking water 
on a country level
The development of the share of groundwater in all water supplied for domestic purposes in Finland
since 1970 is shown in Figure 3. The total supply consists of surface water, artificially recharged ground-
water and groundwater, but only municipal water supply is considered. 
The water supply data is taken from National Water Supply Statistics. The use of water has been sur-
veyed since year 1970. Figure 4 shows that the share of groundwater has been increasing gradually up
to the current level of 61% (including artificially recharged groundwater) while total water consumption
has also increased. Yet, the average volume of water used per person, specific consumption, has
decreased since 1970. Specific consumption was at its highest in 1972 at 335 L/d while in 1999 it was
only 243 L/d. (Lapinlampi and Raassina, 2002)
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Figure 3. he share of groundwater used for domestic purposes: 
a) includes only community water supply,  b) includes also groundwater supplied 
by private wells and small communities. The values for 2000 and 2001 are estimations. 
(Korkka-Niemi et al., 1993; Lapinlampi and Raassina, 2002)• Groundwater vulnerability indicator
The classification defined by Groundwater Indicators Working Group to evaluate the intrinsic vulner-
ability of groundwater areas was modified by Artimo from Turku Region Water Ltd. (TSV) to better
reflect the local geological environment (Table 2). Unsaturated zone lithology and aquifer media were
modified according to the classification presented by Artimo et al. (2003a, 2003b). 
The Virttaankangas esker area (Fig. 1) has been studied closely to evaluate the effects of producing arti-
ficially recharged groundwater. All the data required to create the vulnerability map according to the
definition existed already as a result of several research and development projects of TSV. The data used
here include distribution of the deposits (till unit, glaciofluvial coarse unit, glaciofluvial fine unit, clay and
silt unit and littoral sand unit) and topography of the bedrock surface. (Artimo et al., 2003a, Artimo et
al., 2003b; Artimo et al., 2003c; Artimo et al., 2004; Saraperä and Artimo, 2004a; Saraperä and Artimo,
2004b; Tuhkanen, 2004).
The mapping was conducted by first dividing the area into 160 x 200 = 32,000 cells. The total area is
8 km x 10 km = 80 km2. For each cell the four features were defined first separately (Figure 5) and after
weighting, they were compiled into the Vulnerability Map (Figure 6), which demonstrates the remarkable
variation in vulnerability within the aquifer. For each cell of the Unsaturated Zone Lithology and Aquifer
Media maps, the relative thickness of different medium either above or below the groundwater table
has been calculated. The proportion of the section above or below the groundwater table for each
medium has been multiplied by the corresponding rating or weight. The sum of these matrices has been
divided by the total thickness of the layer above or below the groundwater table. The resulting cell value
is gradual within the range 0 –5, reflecting the summed impact of all media.
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Figure 4. Sources of the water supplied by community waterworks. 
The groundwater component includes artificially recharged groundwater. 
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Table 2. The factors affecting groundwater vulnerability
(Groundwater Indicators Working Group, modified 
by Artimo. Original weights/rating: J. Vrba)
Figure 5. he features of groundwater vulnerability. The maps are based 
on the Finnish Coordinate System (Projection Gauss-Krüger) YKJ
Depth to water table (m) Rating
0–2 5
2–5 4
5–10 3
10–20 2
20+ 1
Aquifer media Rating
Glaciofluvial coarse 5
Littoral sand 4
Glaciofluvial fine 3
Till 2
Silt and clay 1
Feature Weight
Soil media 2
Depth to water table 4
Unsaturated zone 
lithology 5
Aquifer media 3
Soil media Rating
Thin or absent 5
Gravel 4
Sand 3
Loam 2
Clay 1
Unsaturated zone lithology Rating
Glaciofluvial coarse 5
Littoral sand 4
Glaciofluvial fine 3
Till 2
Silt and clay 1The most vulnerable part is the ridge of the esker, which has the highest depth to water table but the
soil media is the most vulnerable. Vulnerability has been determined only for the actual groundwater. An
appropriate classification for this aquifer would be moderately vulnerable at 35–40, vulnerable at 40–45
and highly vulnerable in parts where the indicator value is 45 or above. The parts where the indicator
value is less than 35 can be considered to have low vulnerability. In parts of the area there is also a
perched water table, which overlies the actual groundwater table. The perched water table is caused by
a confining layer of silt and clay with low hydraulic conductivity. The perched water can in many cases be
more vulnerable than the actual groundwater. The present data provide the possibility to define the indi-
cator also for the perched water. 
• Groundwater quality indicator 
The formula for this indicator is given below.
Σ  area of aquifers with groundwater natural-quality problem
Σ  area of studied aquifers
x 100 (%)
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Figure 6. Vulnerability map of Virttaankangas esker consisting of the elements 
shown in Fig. 5. The darker the colour, the higher the vulnerability. The saturated zone 
is absent in the white areas (there is no permanent groundwater table). 
Finnish Coordinate System (Projection Gauss-Krüger) YKJThe determinands considered here were pH, electric conductivity and concentrations of iron, man-
ganese, fluoride, chloride and nitrate. The arsenic, selenium and magnesium sulphate concentrations are
also mentioned in the indicator description earlier. However, these are not routinely analyzed and there-
fore not considered in this quality indicator. Three examples are presented for the indicator: 1) results of
the national groundwater monitoring network, 2) elevated chloride concentrations as a consequence of
de-icing and 3) raw water quality at a water utility in Tuusula.
➔ Example 1: 
National groundwater monitoring network
For evaluation of the natural background of groundwater quality, information from the groundwater
monitoring network of the Finnish Environment Institute (SYKE) (Fig. 7) was used. SYKE has 53 observa-
tion stations which are located in environments of variable climatological conditions and soil types in
areas where human impact is minor. If some abstraction occurs, it is only for individual households. The
quality data is from years 1975–1999 (Soveri et al., 2001).
Two out of 53 groundwater observation stations were eliminated because no sampling was done there.
The median of each parameter at each sampling point was compared with the Finnish drinking water
quality standards and recommendations set by the Ministry of Social Affairs and Health (Table 5). The
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Figure 7. The groundwater monitoring network of the Finnish Environment Institute (SYKE)Finnish standard is based on the EU Drinking Water Directive and the WHO guidelines for drinking water
which are also presented for comparison in Table 5.
Table 3 presents how many observation stations had
values of different parameters exceeding the stan-
dards. In the samples of 30 aquifers – mainly suitable
for supplying rural areas – only one parameter, pH,
was outside the recommended values. In the samples
from five aquifers two parameters exceeded the rec-
ommended value and four of aquifers had three.
Only samples from 12 aquifers had no parameters
exceeding the recommended values. 
In the case of an exceeding value having been detected at a monitoring station, the whole groundwater
area was designated as haveing ‘one or more quality problems’ in the calculation of area percentages
presented in Table 4. Groundwater areas have been classified and delineated as described in the dedi-
cated chapter above. As groundwater areas are stored in a GIS database maintained by the Environment
Administration, the surface areas of each one were easily available for the calculation of the indicator. In
the first case, all the listed parameters are taken into account and in the second one pH is excluded. Low
pH values are typical in Finland because the Precambrian bedrock contains acidic rock types and only
minor fractions of carbonate-bearing minerals. pH is raised by alkalization, which is the most common
groundwater treatment method used in Finland (see the indicator on groundwater treatment requi-
rement). The pH can be left out because the guideline value for pH is not health based. pH is an impor-
tant operational water quality parameter, but it does not have a direct impact on potability of water
(WHO, 2004). Similar results can be expected from other glaciated Precambrian shield areas, for 
example, in Sweden (SEPA, 2000), which should be considered when applying pH as a parameter in
determining groundwater quality. High iron and manganese are common technical-aesthetic problems 
in groundwater in Finland (Hatva, 1989; Korkka-Niemi, 2001).
The value of the indicator is 74 percent. When the areas with deviating pH are left out, the percentage
of areas with problems decreases to 19 percent. These figures represent the natural background quality
of groundwater but they do not correspond to actual points of consumption.
➔ Example 2: Elevated chloride concentrations as a consequence of de-icing
In most of the 84 groundwater areas studied by Nystén et al. (1999) in the First Salpausselkä zone
(Fig. 2) for assessing impacts from de-icing, samples were taken from several points. In defining the
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Parameter Number of exceeding values
EC 0
pH 37
Nitrate 0
Chloride 0
Iron 8
Manganese 6
Fluoride 1
Table 3. The number of values exceeding 
the limit at observation stations
Table 4. Percentage of the areas with values exceeding the limit. The percentages 
are based on all the listed quality parameters (a) and without pH (b)
Parameter a b
Area of groundwater areas with one or more quality problems (km2) 33.13 8.68
Area of the studied groundwater areas  (km2) 45.07 45.07
Result % 74 19groundwater quality indicator, if the chloride concentration exceeded the guideline limit of 250 mg/L
recommended by the Finnish Ministry of Social Affairs and Health (based on the estimated taste 
threshold) at any point within the groundwater area, it was classified as having a quality problem. As a
result of the average concentration in two points (out of a sample of 352 observation points) exceeding
the limit, 3.1% of the areas of groundwater formation or 3.8% of the total groundwater areas have a
common quality problem (2.5–10% of the aquifer area) according to the WG’s classification. If the
national technical-aesthetic guideline value (25 mg/L, set by the health authority with the aim of prevent-
ing corrosion of pipes) is applied instead, approximately 39% of the groundwater areas exceed the ref-
erence chloride concentration, when taking into account only the area of groundwater formation. Of the
total of groundwater areas in the zone of the First Salpausselkä, 49% exceed the national guideline value
i.e. the problem is frequent according to the definition of the WG (>10%). In comparison, the guideline
value was exceeded in 34% of the observation wells.
➔ Example 3: raw water quality at a water utility in Tuusula
Raw water quality data from waterworks would be most informative, considering the cost implications of
groundwater that is actually being treated for consumption, however these data are not collected sys-
tematically. The data collected at waterworks cover the quality of the treated water ready to be pumped
to customers. An example of municipal water supply in Tuusula region (Fig. 2), where the utility supplies
water to approximately 100,000 inhabitants, is presented in Table 5. Only the pH values of raw water dif-
fer from the recommendations.The respective aquifer is an esker consisting partly of highly conductive
gravel and sand. 
The groundwater supplied by municipal waterworks is abstracted mainly from gravel and sand for-
mations, where it is generally of good quality. Quality problems occur more commonly in rural areas,
where private wells dug into moraine deposits or minor beach terraces or drilled into fractured bedrock
are used. According to a survey by Korkka-Niemi (2001), only 37.2 percent of the private wells fulfilled
the requirements and recommendations for drinking water quality. Nevertheless health-related requi-
rements were met by 63 percent of the households.
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Table 5. Raw water from well 1 and well 2 is artificially recharged 
and that from wells 3–5 is natural groundwater. 
(Finnish Ministry of Social Affairs and Health, 2000; Soveri et al., 2001; WHO, 2004)
1)These are requirements. The other limits are recommendations.
2) If no infants or pregnant women use the water, the maximum allowable level of nitrate is 50,000 µg/L .
Well 1 (AR) Well 2 (AR) Well 3 Well 4 Well 5 Finland max. conc. WHO
pH 6.6 6.7 6.4 6.2 6.4 6.5–9.5 6.5–9.5
Nitrate (µgN/L) 290 310 1,300 790 410 25,0001, 2 50,0001
Chloride (mg/L) 6 6 25 24 23 250 250
Iron (µg/L) < 30 < 30 < 30 < 30 < 30 200
Manganese (µg/L) 0.16 0.17 0.19 0.23 21.2 50 4001
Fluoride (µg/L) 310 120 140 <100 120 15001 1,5001
Arsenic (µg/L) 0.14 0.08 0.08 0.2 0.22 101 101Groundwater treatment requirements
In Finland, groundwater is generally of good quality
and no severe problems occur. Polluted groundwater
basins are not used for drinking water and thus the
required groundwater treatment methods are fairly
simple. It is not rare that groundwater can be used for
domestic purposes without pre treatment. The most
common treatment method is alkalization. Filtration
to remove iron is also often used. Less used methods
are coagulation, disinfection, filtration, dilution, bio-
logical or chemical treatment and fluoride removal by
membrane filtration.
In theory, treatment methods are included in water
supply statistics and in the publication Water supply
and sewer systems 1998–2000 – Waterworks (Lapin-
lampi and Raassina, 2002). When evaluated, the data
gathered by Regional Environment Centres turned
out to be defective to some degree and could not 
be used in its entirety. As only some of the Centres
could deliver complete data, the areas of North
Ostrobothnia, Kainuu and Central Finland Regional
Environment Centres (Figure 8) were selected as 
an example. The most common water treatment
methods (1998–2000) at water treatment plants using
groundwater in the areas are presented in Table 6. 
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Treatment method
Number of water 
intake-plants Treated water (m3/d)
Percentage of total water
treated
1 Alkalization (S) 191 57,568 52.0
2 No treatment required 175 32,036 28.9
3 Iron removal (S) 38 10,571 9.5
4 Coagulation (D) 6 8,308 7.5
5 Filtration (S) 6 2,042 1.8
6 Disinfection (S) 1 17 0.0
7 Treatment unknown 8 248 0.2
Total 425 110,790 100.0
Figure 8. North Ostrobothnia, 
Kainuu and Central Finland
Table 6. Treatment methods used at water treatment plants 
using groundwater in North Ostrobothnia, Kainuu and Central FinlandIn this sample area, 28.9% of the water does not require any treatment. Simple methods (S) are used to
treat 63.3% of the total water and more demanding methods (D) are used in 7.5%. The treatment
method of 0.2% of water remained unknown.
The classification of methods into simple and demanding follows the recommendation of the WG. The
division of treatment methods into demanding and simple is not clear-cut: some methods can easily be
used on a large scale at waterworks but private use may be complicated. A method is considered simple
when adjusting the process is simple and the result is immediately seen. The more demanding methods
must be monitored carefully and are adjusted by accurate measurements. In demanding methods, the
materials required are not easily available. Also, some methods can be considered simple in Finland but
in some developing countries could be considered demanding.
7.3.4 DISCUSSION AND SUMMARY
The indicators show that Finnish groundwater is generally in good state. The groundwater used is
renewable and theoretically groundwater could be used on a larger scale, and it could be enhanced by
artificial recharge. The share of groundwater in water supply has grown since the 1930s reaching 61% in
2001. In 1999 some 90 percent of the Finnish population was connected to public water supply and
81 percent to a sewer system. The use of groundwater and surface water as well as water quality are
monitored nationally.
In general, groundwater in Finland is of good quality and can be used as drinking water without treat-
ment or with simple treatment such as alkalization and iron removal. Low pH values are typical in
Finland, but they can be addressed by simple treatment methods and pH does not directly impact on
potability, this cannot be considered a significant defect.
The national groundwater monitoring data from the network of SYKE provides information about the
natural background quality of groundwater, not related to the actual points of consumption. Raw water
data from waterworks is not collected systematically, but information on the applied treatment methods
indicates groundwater quality indirectly. The groundwater monitoring network for EUROWATERNET, the
water monitoring and information network of the European Environment Agency to become operational
by the end of 2006, has been proposed to include 181 waterworks in Finland, in addition to the monitor-
ing station network of the environmental administration. Upon official establishment of the network,
these waterworks are expected to provide data on groundwater quality. Specialized surveys on the
occurrence of trace elements or ions that are not routinely analysed give an overall idea about the
extent of particular quality problems in the country, but it is difficult to quantitatively estimate the
degree to which different quality problems overlap. The Ministry of Social Affairs and Health and the
National Health Institute under its supervision regularly survey the quality of publicly supplied drinking
water but the reported numbers of non-compliance cases do not carry information about the source of
water and are also limited to treated water. 
The elevated chloride concentrations in the First Salpausselkä zone demonstrate the importance of the
choice of reference in the application a groundwater quality indicator. The health authorities have set a
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and a nationally recommended guideline value of 25 mg/L for preventing corrosion. Depending 
on which one is applied, there is a substantial difference in the extent of the quality problem expressed
by the indicator. The lower percentage resulting from only considering the estimated area of ground-
water formation highlights the importance of aquifer delineation criteria. The chloride example also
raises the question of representativeness: is it appropriate to assign values for individual wells or groups
of wells to represent the entire groundwater area when in reality only a part of the area may be
adversely affected by the quality problem? It seems possible that the aquifer area/groundwater area
based approach may exaggerate the extent of a problem and individual high values can potentially
introduce a bias. 
Municipalities are responsible for planning the overall development of water services in Finland and the
Regional Environment Centres are the competent supervising regional authorities in groundwater pro-
tection, inspecting and controlling compliance as well as permitting certain activities. Thus, decisions
concerning groundwater management in practice are made at local and regional levels where the infor-
mation needs consequently also emerge and where indicators could provide support. Environmental
Permit Authorities (three) regulate groundwater abstraction. In order to focus on the groundwater areas
relevant for water supply, some indicators, particularly those with a strong resource linkage, could be
defined for the groundwater areas of classes I and II. For these particular areas, determining indicators is
more meaningful from the point of view of what is actually available for abstraction, and it is also possi-
ble to set determinands with a greater certainty.
As the population is strongly concentrated in southern Finland and larger scale agriculture is also prac-
tised mostly in southern and central Finland, the stress on aquifers varies considerably. The indicators
could be more useful in decision making when defined separately for smaller regions, which is sup-
ported e.g. by the fact that a number of quality parameters (e.g. radon, fluorine, arsenic) are problem-
atic in certain regions only and particularly with private wells. The approximate location and extent of
areas with these natural quality problems, and the consequent treatment need, are known based on
national geochemical surveys and lithological maps. These indicators were noted to be quite general
and there was some concern that e.g. the appearance by pollutants such as pesticides is not addressed.
Knowing the distribution of treatment needs can be used in preparing regional development plans or in
developing treatment methods by focusing on where the need is the greatest and the level of costs the
lowest.
The vulnerability indicator can be a fine tool in protecting groundwater, when the classification is
adjusted to the geological environment in question. In the example of Turku Region Water Ltd. , it can
be seen that the vulnerability varies remarkably within the area of an aquifer, an esker in this case. The
applied weighting was considered appropriate and changing it requires the insight of a hydrogeologist
on a case-by-case basis. In the Virttaankangas example, Aquifer Media could have been given even a
bigger weight. Data needed for a vulnerability assessment at this level of detail are available only for a
few aquifers in Finland in addition to the Virttaankangas esker at the moment. The vulnerability indicator
could support the preparation of groundwater protection plans, approximately 400 of which exist, but
for extensive application, a simpler approach would be needed. At the stage when the plans are made,
there is usually less data available than required with the presented definition.
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sound and applicable. A wide range of data exist but the data collected in Finland are not always 
what is required for the indicators. Nevertheless, the information required appeared extractable with 
reasonable effort from the existing information systems and databases. For assessing rural water supply,
in particular, which largely relies on groundwater, estimations were commonly needed due to a lack 
of data. In general, more information is available on bigger waterworks. The information related to
groundwater areas collected and provided by the Finnish environment administration being commonly
geo-referenced greatly facilitates spatial analyses required for some of the groundwater indicators. In
the future, groundwater bodies will be grouped and assigned to the nearest or most appropriate river
basin district for monitoring and reporting to the EU according to the requirements of WFD. Despite the
national information needs being the priority, the information systems have been and continue to be
modified to better support reporting to the EU. ‘Standard’ methods for international comparisons with
indicators are desirable, but for practical application, indicators such as vulnerability and groundwater
quality seem to benefit from local or regional adjustment for optimal use. For a wider evaluation of the
feasibility of groundwater based water supply solutions with regard to e.g. treatment requirements,
comparable indicator data on surface water would be useful.
7.3.5 ACKNOWLEDGEMENTS
Clarifications and data updates kindly provided by the following experts of the Finnish Environment
Institute are gratefully acknowledged: R. Britschgi (classified groundwater areas), J. Gustafsson (chloride,
groundwater abstraction, pollution), M-L. Hämäläinen (VAHTI compliance monitoring system), A.
Kivimäki (artificial recharge), T. Lapinlampi (water supply statistics), T. Nystén (chloride) and M. Valve
(water treatment). The constructive comments by T. Kinnunen are gratefully acknowledged. The testing
study was funded by the Finnish Environment Institute and the Ministry of Agriculture and Forestry.
7.3.6 REFERENCES
Artimo, A., Berg, R., Abert, C. and Mäkinen, J. 2003b. Constructing a Three-dimensional Geological
Model of the Virttaankangas Aquifer, Southwestern Finland: Methods Applicable to Illinois. Illinois
State Geological Survey Circular 562.
Artimo, A., Mäkinen, J., Abert, C., Berg, R. and Salonen, V.-P. 2003a. Three-dimensional Geologic
Modeling and Visualization of the Virttaankangas Aquifer, Southwestern Finland. Hydrogeology
Journal, Vol. 11, No. 3, pp. 378–86.
Artimo, A. and Saraperä, S. 2003c. Three-dimensional Geologic Modeling for Groundwater and 
Land Use Management. Seattle, Washington – November 2, 2003. Geological Society of America
Abstracts with Programs, Vol. 35, No. 6, September 2003.
Artimo, A., Saraperä, S. and Ylander, I. 2004. Utilization of 3-D Geologic Modeling for a Large-scale
Water Supply Project in Southwestern Finland. In: Berg, R.C., Russell, H. and Thorleifson, L.H. (eds).
Three-Dimensional Geologic Mapping for Groundwater Applications. Workshop Extended Abstracts,
St. Catharines, Ontario – May 15, 2004. Illinois State Geological Survey. ISGS Open-File Series
2004–8.
GROUNDWATER RESOURCES SUSTAINABILITY INDICATORS
70Backman, B., Lahermo P., Väisänen, U., Paukola, T., Juntunen, R., Karhu, J., Pullinen, A., Rainio, H. and
Tanskanen H. 1999. Geologian ja ihmisen toiminnan vaikutus pohjaveteen – Seurantatutkimuksen
tulokset vuosilta 1969–1996. Abstract: The Effect of Geological Environment and Human Activities on
Groundwater in Finland – The Results of Monitoring in 1969–1996. Report of Investigation 147.
Geological Survey of Finland. Espoo. [in Finnish]
Britschgi, R. and Gustafsson, J. 1996. Suomen luokitellut pohjavesialueet. Abstract: The Classified
Groundwater Areas in Finland. The Finnish Environment 55. Finnish Environment Institute, Helsinki.
[in Finnish]
Donner, J. 1995. The Quaternary history of Scandinavia. World and Regional Geology 7, Cambridge
University Press.
EEA. 1999. Sustainable water use in Europe: Part 1: Sectoral use of water. Environmental assessment
report No 1. European Environment Agency.
Finnish Ministry of Social Affairs and Health. 2000. Decree of the Ministry of Social Affairs and Health
Relating to the Quality and Monitoring of Water Intended for Human Consumption 461/2000. 
Groundwater Indicators Working Group. 2004. Development of groundwater indicators for second edi-
tion of the World Water Development Report, Third version (Draft). (Unpub.)
Hatva, T. 1989. Iron and manganese in groundwater in Finland : occurrence in glacifluvial aquifers and
removal by biofiltration. Publications of the Water and Environment Research Institute 4, National
Board of Waters and the Environment, Finland.
Hyvärinen, V., Solantie, R., Aitamurto, S. and Drebs, A. 1995. Suomen vesitase 1961–1990 valuma-alueit-
tain. Abstract: Water balance in Finnish Drainage Basins during 1961–1990. Publications of the Water
and Environment Administration, series A 220. Water and Environment Administration, Helsinki. [in
Finnish]
Kajoniemi, M. 2003. Utilization of natural groundwater for water supply in Kymenlaakso region. Regional
Environmental Publications 311, Southeast Finland Regional Environment Centre, Kouvola. [in
Finnish]
Kahelin, H., Järvinen, K., Forsell, P. and Valve, M. 1998. Arsenic in drilled wells – comparison of arsenic
removal methods. Geological Survey of Finland, Report of Investigation 141. [in Finnish]
Knutsson, G. and Morfeldt C.-O. 1993. Grundvatten, teori and tillämpning. AB Svensk Byggtjänst, Solna.
[in Swedish]
Korkka-Niemi, K. 2001. Cumulative geological, regional and site-specific factors affecting groundwater
quality in domestic wells in Finland. Monographs of the Boreal Environment Research 20. Finnish
Environment Institute, Helsinki.
Korkka-Niemi K. and Salonen, V.-P. 1996. Maanalaiset vedet – pohjavesigeologian perusteet. Turun
yliopiston täydennyskoulutuskeskus, Turku. [in Finnish]
Korkka-Niemi, K., Sipilä, A., Hatva, T., Hiisvirta, L., Lahti, K. and Alfthan, G. 1993. Valtakunnallinen
kaivovesitutkimus – talousveden laatu ja siihen vaikuttavat tekijät. Reports of the Ministry of Social
Affairs and Health 2/93. Publications of the Water and Environment Administration, series A 146.
Ministry of Social Affairs and Health and Water and Environment Administration, Helsinki. [in Finnish] 
Kuusisto, E. 1986. Johdanto. In: Mustonen, S. (ed), Applied hydrology. Vesiyhdistys r.y., Helsinki
pp. 11–17. [in Finnish]
Lahermo, P., Ilmasti, M., Juntunen, R. and Taka, M. 1990. The hydrogeochemical mapping of Finnish
Groundwater. Geological Survey of Finland.
CASE STUDIES
7172
GROUNDWATER RESOURCES SUSTAINABILITY INDICATORS
Lahermo, P. and Backman, B. 2000. The occurrence and geochemistry of fluorides with special reference
to natural waters in Finland. Report of Investigation 149. The Geological Survey of Finland, Espoo.
Lapinlampi, T. and Raassina, S. 2002. Vesihuoltolaitokset 1998–2000 – Vesilaitokset. Abstract: Water
Supply and Sewer Systems 1998–2000 – Waterworks. The Finnish Environment 541. Finnish
Environment Institute, Helsinki. [in Finnish]
Lehtikangas, S., Sandqvist, H. and Lakso, E. 1995 Nitraatin esiintyminen pohjavesissä ja sen poistomah-
dollisuudet. Abstract: The Occurrence of Nitrate in Groundwater and the Suitable Removal
Processes. Mimeograph Series of the National Board of Waters and the Environment No. 622.
National Board of Waters and the Environment, Helsinki. [in Finnish]
Mälkki, E. 1999. Pohjavesi ja pohjaveden ympäristö. Kustannusosakeyhtiö Tammi, Helsinki. [in Finnish].
Niini, H. and Niini, S. 1995. Vesigeologia. Opetusjulkaisu TKK-IGE-C-17. Helsinki University of Techno-
logy, Department of Materials Science and Rock Engineering, Laboratory of Rock Engineering.
Espoo. [in Finnish]
Nystén, T., Gustafsson, J., Oinonen, T. 1999. Pohjaveden kloridipitoisuudet ensimmäisen Salpausselän
alueella. Abstract: Chloride concentrations of groundwater in the Salpausselkä I ice-marginal for-
mation. The Finnish Environment 331. Finnish Environment Institute, Helsinki.[In Finnish]
Piekkala, J., Poratek. 25 January 2005. Personal communication.
Rönkä, E. 1983. Drilled Wells and Ground Water in the Precambrian Crystalline Bedrock of Finland.
Publications of the Water Research Institute 52. National Board of Waters, Helsinki.
Salonen, V-P., Eronen, M. and Saarnisto, M. 2002. Käytännön maaperägeologia. Kirja-Aurora, Turku.
Saraperä, S. and Artimo, A. 2004a. Updating of the three-dimensional hydrogeological model of the
Virttaankangas area, Southwestern Finland. In: Berg, R.C., Russell H. and Thorleifson L.H. (eds),
Three-Dimensional Geologic Mapping for Groundwater Applications. Workshop Extended Abstracts,
St. Catharines, Ontario – May 15, 2004. Illinois State Geological Survey. ISGS Open-File Series
2004–8.
Saraperä, S. and Artimo, A. 2004b. Virttaankankaan kolmiulotteinen maaperämalli. In: Kaakinen, A. (ed),
Geologian 3. tutkijapäivät 10.–11.3.2004. University of Helsinki, Department of Geology. pp. 11–13.  
SEPA 2000. Environmental Quality Criteria: Groundwater. Swedish Environmental Protection Agency,
Report 5051.
Soveri, J., Mäkinen, R. and Peltonen, K. 2001. Pohjaveden korkeuden ja laadun vaihteluista Suomessa
1975–1999. Abstract: Changes in groundwater levels and quality in Finland in 1975–1999. The Finnish
Environment 420. Finnish Environment Institute, Helsinki. [In Finnish.]
Statistics Finland. 2004. Finland in Figures, Population.
URL: http://www.tilastokeskus.fi/ tup/suoluk/taskue_vaesto.html#Vitalstatistics 
(Accessed 7 September 2004).
STUK. 2000. Radioactivity of drinking water. Juomaveden radioaktiivisuus. Radiation and nuclear safety
reviews. Radiation and Nuclear Safety Authority. [in Finnish.]
Tuhkanen, S. 2004. Perched water and groundwater conditions of Virttaankangas. Virttaankankaan. Final
report 27 October 2004. 7.4 Groundwater resources 
in the State of São Paulo, Brazil
Ricardo Hirata
Alexandra Vieira Suhogusof
Institute of Geosciences, University of São Paulo
Amélia Fernandes
Geological Institute, State of São Paulo Environment Secretariat
7.4.1 INTRODUCTION
With a population of 37 million (93% in urban areas), a territory of 248,209 km2, and the concentration of
36% of the national GDP, São Paulo is the most populous and economically important State of Brazil
(South America). Its dependence on groundwater is demonstrated by the fact that of its 645 municipa-
lities, 70% are totally or partially supplied by this resource.
Although groundwater resources perform an such important role, little has been done to protect them.
Limited knowledge about the recharge of the aquifers, stored volumes, and the actual exploitation pre-
cludes the elaboration of consistent policies for the sustainable management of this resource. The good
natural quality of groundwater and its abundance have warranted that overexploitation has been
restricted to some localities, although evidence of its rapid evolution exists. Likewise, the number of
known cases of anthropic contamination is still small when compared to the territorial occupation history.
This work presents the application of indicators in order to draw a picture of the groundwater resources
situation in the 22 Hydrologic Resource Management Units (HRMU) (associated with the main basin of
the State of São Paulo) (Figure 1). This aims at the identification of relative potentialities and also possi-
ble current and future problems related to this resource.
7.4.2 CHARACTERIZATION OF THE AQUIFER SYSTEMS 
OF THE STATE OF SÃO PAULO
The State of São Paulo is constituted of two hydrogeologic provinces where the aquifer systems are
inserted, namely: the Parana Volcano-Sedimentary Basin, which encompasses Bauru, Serra Geral,
Guarani and Tubarão aquifer systems; the Eastern Massif of the Southeast, which encompasses the
Shoreline, Taubaté, São Paulo and Precambrian aquifers. A short description of these aquifers can be
found in Table 1, and their occurrence in the State in Figure 2.
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Groundwater resource corresponds to the ‘exploitable groundwater reserves’, as used elsewhere, and is herein
defined as the difference between the recharge and the discharge that maintains the baseflow in the
rivers. This parameter was calculated, based on the recharge of the aquifer, for each Hydrologic
Resource Management Unit (HRMU) and the resultant values, which can be found in the Situation
Reports of the Water Resource of the State of São Paulo – Situation Report (São Paulo, 2004), are
depicted in Table 2. When considering these values, one should bear in mind some limitations such as:
the methodology of calculation was not the same for all 22 HRMU, precluding a direct comparison; the
recharge calculation did not take into account the urbanization effects, such as the impermeabilization
and the supply and sanitation system losses (excepting the case of the HRMU 6, namely the Upper Tietê
Basin). The latter is significant in some units, for instance, in the Upper Tietê Basin it is estimated that the
recharge reaches values up to 13 m3/s, this value being 40% larger than the exploitation that has been
practiced in the basin.
When one considers the current knowledge of the aquifer systems, some inconsistencies regarding the
calculated exploitable resources (Table 2) become evident. The reduced value for the Guarani Aquifer,
for example, is a consequence of the low calculated recharge and output discharge. However these 
are not compatible with the excellent yields achieved in this aquifer and one should consider that 
the recharge has probably been raised by the systematic and extensive pumping, at least in some
municipalities. On the other hand, the largest resources that was calculated for HRMU 11 (Ribeira de
Iguape/South Shoreline) seems to disagree with an aquifer system that consists mainly of crystalline Pre-
Cambrian rocks (gneisses, granites and meta-sedimentary rocks), which do not have large volumes of
storage or allow larges rate of infiltration.
Demand
Groundwater resources play a major role for public water supply in the State of São Paulo. For about
50% of the municipalities, the majority concentrated in the Northwestern portion of the State, ground-
water constitutes 75 to 100% of their water supply (Figure 2). The evaluation of the total exploited dis-
charges for each municipality, which were compiled from the SEADE Foundation database (SEADE
2004), has demonstrated that public supply has exploited up to 22,5 m3/s. In the North, Central and
Western portions of the State, the abstraction comes mainly from the Bauru Aquifer System
(Adamantina and Caiuá aquifers) and, for the largest cities, from the Guarani Aquifer System, where the
well depths may be greater than 500 m (Table 3).
Some known facts, with regard to private exploitation, are: the totality of the industries installed in the
Metropolitan Region of Campinas (in HRMU5) are supplied by wells; the total discharge in the Upper
Tietê Basin (HRMU 6), withdrawn by the estimated 7,000 private wells, reaches 8 m3/s; even in the
HRMUs that are constituted of crystalline Pre-Cambrian rocks, extensive abstraction for industrial supply
and for autonomous households is practiced. Despite these facts, little knowledge is available with
regard to the volumes of groundwater exploited by private wells. Furthermore, in contrast to surface
waters, the demands, according to different types of use, are more difficult to estimate.
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747,779 wells are registered in the databank of the DAEE, however it is estimated that the State of São
Paulo contains around 30,000 currently active boreholes (Gerôncio Rocha 2004, oral information), and
several tens of thousands of dug wells and mini-wells. This situation clearly demonstrates the lack of con-
trol over the exploitation of groundwater by government institutions. Despite this limitation, estimates
of the volumes of  exploited, groundwater for each of the 22 HRMU, are presented in the Situation
Reports of these units (Table 2). The sum of these estimates is in 41.8 m3/s. Of this, around 22.5 m3/s
(SEADE 2004) are used for public supply. According to the Situation Report, the largest abstraction is
practiced in the basin of Middle Paranapanema (15.8 m3/s); however this value does not seem consistent
with the fact that the use of groundwater, in this HRMU, is acknowledgedly greater neither for public
supply nor for other uses. The most likely value for this HRMU, based on the public supply figure found
in SEADE (2004), corresponds to 3.2 m3/s. In Table 3, one can observe that the Upper Tietê (7.9 m3/s),
Turvo/Grande (5.5 m3/s), Mogi-Guaçu (4.8 m3/s) and Paraíba do Sul (3.6 m3/s) probably practice the
greatest values of total abstraction. The discharges in the other units are smaller than 1.5 m3/s.
Natural groundwater quality
Groundwater in São Paulo State is, in general, of excellent quality, being potable and not presenting
restrictions for most uses. For public supply, the only necessary measures are the chlorination and, in
some cases, fluoridation.
Some known cases of natural contamination are related to the occurrence of chromium and fluoride in
groundwater. Chromium is mostlly observed in water of some deeper and heavily exploited wells of the
Adamantina Aquifer in São Jose dos Dourados, Turvo/Grande and Lower Pardo/Grande HRMUs. It is
geographically limited to the Northwestern portion of the State of São Paulo (Hirata and Rodolfi, 1993;
Almodovar, 2000). This is explained by the fact that the source of the sediments, of the Adamantina
Formation in this region, originated in the Triangulo Mineiro, where minerals of chromium (e.g., chromite
and some types of garnet) were available. Fluoride affects mainly the Guarani (Botucatu and Piramboia
formations), Serra Geral, and, locally, Tubarão (Itarare Formation) aquifer systems. The origin of the fluo-
ride is not yet clearly understood, although it is generally accepted that it is associated with major faults
(Perroni et al., 1985). It occurs in one or more areas of Pontal do Paranapanema, Tietê/Batalha, Middle
Paranapanema and Lower Tietê HRMUs, although it generally affects only less than 5% of the whole area
of each unit.
7.4.3 GROUNDWATER INDICATORS
Indicators for groundwater resources have mostly been employed in order to define the present status
and the degradation tendency, with regard to both quantity (under- or overexploitation) and quality 
(natural and anthropic contaminations). The formulation of the indicators, herein presented, was based
on Groundwater Indicators Working Group (2004) and Vrba et al. (2006). As is depicted in the Table 4,
the HRMUs were classified into three categories (low, intermediate, and high) according to the rank
related to each indicator. Category low is associated with a confortable situation, and high, with a prob-
lematic one or with more and less important.
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Indicators of groundwater importance
The formulae related to the indicators of groundwater importance are illustrated below:
Indicator 1 is concerned with the dependence of public supply on groundwater. Categories low, inter-
mediate and high correspond to: less than 25%, 25 to 50%, and greater than 50%, respectively.The
municipalities of the Western and Central portions of the State of São Paulo, whose population cor-
responds to 16,4% of the State, are strongly supported by groundwater abstraction. The most depend-
ent basin is the Tietê/Batalha (91%), followed by Aguapei (88%), Turvo Grande (78%), Pardo (69%), São
Jose dos Dourados (66%), Peixe (61%), Tietê/Jacaré (61%), Pontal do Paranapanema (56%) and Lower
Tietê (52%). All of these are in category high and the other basins, that present a degree of dependency
inferior to 50%, in categories intermediate and low (Table 4).
Indicator 2 (I2) expresses the degree of groundwater participation in water supply for all uses, that is, the
demand of groundwater compared to the total (surface + groundwater) one. In the State of São Paulo,
the groundwater contributes 11% of the total. The major contributions of groundwater, according to the
Situation Reports data, are found in São José dos Dourados (50%), Turvo/Grande (32%), Tietê/Jacare
(29%) and Middle Paranapanema (26%). This resource is of vital importance for the municipalities of the
Western portion of the State of São Paulo. The majority of the basins are in category low (I2 < 25%),
three in the intermediate (25%≤ I2< 50%), and one in the high (I2≥ 50%) (Table 4).
Indicators of groundwater exploitation
The formulae related to the indicators of groundwater exploitation are illustrated below:
Indicator 3 relates the groundwater resources, herein defined as the difference between the recharge
and the discharge that maintains the baseflow in the rivers, to the total population. In other words, it
consists of the maximum discharge that can be withdrawn in a watershed so as to not cause negative
impacts on the surface water bodies. The categories low, intermediate and high, for this indicator, cor-
respond to larger than 1,500 L/inh/day, 500 to 1,500 L/inh/day, and less than 500 L/inh/day, respec-
tively (Table 4). In the State of São Paulo, an average discharge of 787 L/inh/day is estimated. As one
could expect, the Upper Tietê Basin (HRMU 6), with 93 L/inh/day, is the most critical, followed by
Tietê/Sorocaba (433 L/inh/day) and Piracicaba/Capivari/Jundiai (482 L/inh/day). Nevertheless, in many
Total groundwater abstraction (all uses) [m3/year]
Groundwater resources [m3/year]
x 100% Indicator 4 =
Groundwater resources [L/day]
Total population Indicator 3 =
Total abstraction groundwater (all uses) [m3/year]
Total (ground and surface water) resource [m3/year]
x 100% Indicator 2 =
Groundwater for public supply [population] 
Total population 
x 100% Indicator 1 =of the HRMUs, for instance Ribeira de Iguape (13973 L/inh/day), Litoral Sul (3,186 L/inh/day), Upper
Paranapanema (3,186 L/inh/day), Lower Pardo/Grande (3,050 L/inh/day), and Middle Parnapanema
(2,891 L/inh/day), the availability is quite good, mainly due to the relatively low numbers of inhabitants
in these regions.
Indicator 4 expresses how much water has been abstracted with regard to the groundwater resources,
and consequently, clearly demonstrates the degree of dependence relatively to groundwater. An esti-
mate for indicator 4 for the State of São Paulo, when considering the calculated values for each HRMU,
corresponds to 12%. It points out the potential for supplying water for various purposes, specially due to
the fact that, excepting point source pollution cases, this resource presents good quality (see indi-
cator 7). Excepting HRMUs Turvo Grande (52%), Pardo (44%), Upper Tietê (41%), Mogi-Guaçu and
Tietê/Jacare (28%) where the use is quite intense, the rest of them show values less than 20% (category
low), being the majority less than 10% (Table 4).
For the Piracicaba/Capivari/Jundiai Basin, with acknowledged intense use of groundwater, the value of
this indicator is only 4%, however Indicator 3, that takes into account the population of the basin,
denotes that its situation is problematic (Table 4).  Investigations of potentiality, carried out by private
consultants in order to assess the need for licensing expressive discharges, have demonstrated that, for
small areas, the groundwater resources are very limited. This situation demonstrates that the major
problem of this basin is  the great density of abstractions, due to the concentration of human occu-
pation, on aquifers (Tubarão and Precambrian Aquifer Systems) whose discharges are limited by their
hydraulic parameters (hydraulic conductivity and storativity).
In the Upper Tietê Basin, a recent study (Hirata et al., 2002) has pointed out that the piezometric levels
of the aquifers have been lowered and, consequentely, there has been reserve losses, due to uncon-
trolled exploitation of groundwater. Nevertheless, the indicator also reveals that, outside of the urban-
ized areas, this resource could be much more exploited than it currently is.
Indicators of groundwater quality
The formulae related to the indicators of groundwater quality are illustrated below:
Vulnerability is an intrinsic characteristic of an aquifer, and is defined as the susceptibility of the satu-
rated zone of the aquifer to being contaminated, according to current potability parameters, by an
anthropogenic activity (Foster and Hirata, 1988).
The GOD method (Foster and Hirata, 1988) was applied for the mapping of the vulnerability of the
Total area with natural groundwater quality problems [km2]
Total area of the HRMU [km2]
x 100 (%) Indicator 6 =
Total area of high vulnerability to contamination [km2]
Total area of the HRMU [km2]
x 100 (%) Indicator 5 =
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aquifer systems of São Paulo State at a scale of 1:500.000 (Hirata et al. 1997). Indicator 5 points out that
the most vulnerable HRMUs correspond to Pardo, Tietê/Jacare, Lower Tietê, Aguapei, Pontal do
Paranapanema, Paraiba do Sul, Peixe, São Jose dos Dourados, Sapucai/Grande and Upper
Paranapanema. In these basins, the areas of high vulnerability correspond to more than 10% of the total
areas (Table 4). The vulnerability of the HRMUs totally located in crystalline terrains is not defined, and
neither was Indicator 5.
Indicator 6 denotes areas where groundwater presents concentrations of specific chemical parameters,
related to natural quality, that are not in accordance with drinking water standards. These concentrations
originate from the solubilization of minerals by the percolation water and are typically a natural process
associated to the geochemical system groundwater/rock. In the State of São Paulo, the most common
elements, related to natural processes of groundwater contamination, are fluoride and total chromium,
as toxic components, and iron and manganese, as aesthetic parameters. In the present study, only the
first two are considered.
The problematic basins are Paranapanema (fluoride), Tietê/Batalha (fluoride), Middle Paranapanema 
(fluoride), Lower Tietê (fluoride and chromium), São José dos Dourados (chromium), Turvo/Grande
(chromium), Lower Pardo/Grande (chromium).
The greater values of Indicator 6 were found in São Jose dos Dourados (20%), Turvo/Grande (19%), Lower
Tietê (17%) and Piracicaba/Capivari/Jundiai (11%), which were classified as category high (Table 4). It is
important to inform that the calculation of this Indicator took into account the total area of the muni-
cipality where the contamination was detected, rather than the contamination occurrence area itself.
7.4.4 CONCLUSIONS
It is concluded that the indicators herein proposed, when compared to the available information for
each HRMU in the state, are suitable for evaluating the current groundwater situation in the State of São
Paulo. Besides, three different associations of these indicators allow the evaluation of the following
issues: current (1) importance, (2) abstraction and (3) natural quality of groundwater.
• The importance of groundwater for the State of São Paulo is remarkable and can be evaluated by
indicators 1 and 2. With regard to public supply (indicator 1), one observes that 9 HRMUs show high
(more than 50% of the population is supplied by groundwater), 6, intermediate (49 to 25%), and 7,
low (less than 24%) dependence on groundwater. It is noticed that the largest demand is geographi-
cally located in the North, Central and Western portions of the State. On the other hand, considering
the supply of groundwater for any purpose (indicator 2), the dependence on groundwater is expres-
sively smaller, and only one HRMU (Middle Parananema) falls in the category high, and three and 18
HRMUs in categories intermediate and low, respectively.
• The abstraction of groundwater is assessed by indicators 3 and 4. Indicator 4 (demand of ground-
water/groundwater resources) points out that the resource still presents a great potential for further
abstractions in most of the HRMUs. However the Upper Tietê, followed by Turvo/Grande, and Pardobasins show evidence of overexploitation and need special attention. In the specific case of the
Upper Tietê Basin, followed by Piracicaba/Capivari/Jundiai, and Turvo/Grande, the volume of water
divided by the population (Indicator 3) clearly denotes low availability.
• The quality of groundwater is demonstrated by indicators 5 and 6. As an up to date evaluation of the
distribution of potential contaminant loads throughout the State of São Paulo does not exist, it is only
possible to calculate indicators that deal with the vulnerability (intrinsic characteristic) of the aquifers.
In this way,  HRMUs 2, 4, 8, 13, 14 and 18 to 22 need to be more carefully considered, when large
potential contaminant loads are present. Some of these basins contain part of the recharge area of
the Guarani Aquifer System, the most productive aquifer in Brazil. With regard to natural ground-
water quality, indicator 6 points out its general excellent quality, although it also denotes that some
HRMUs (São Jose dos Dourados, Turvo/Grande, and Piracicaba/Capivari Jundiai) need special con-
sideration.
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Quaternary Granular, not continuous, unconfined, 
heterogeneous, anisotropic – – –– –– –
Shoreline Unconfined, not continuous, 
heterogeneous, anisotropic 4.600 100 3 to 20 0,1 to 3,0 1 to 200 – –
São Paulo Limited extension, granular, unconfined, 
not continuous, heterogeneous, anisotropic 3.600 300 9 to 15 0,5 to 1,0 15 to 70 0.06 –
Limited extension, granular, unconfined 
Taubaté to semi-confined, not continuous,  2.200 500 15 to 200 0,01 to 2,0 0,5 to 100 0,0001 0,01 to 1,0
heterogeneous, anisotropic to 1,0
Regional extension, granular, unconfined
Marília to semi-confined, not continuous,  – 180 – – – – –
heterogeneous, anisotropic
Regional extension, granular, unconfined 
Adamantina to semi-confined, not continuous,  104.000 190 8 to 30 0,5 to 1,0 30,0 to 50,0 0,0001 0,1 to 0,3
heterogeneous, anisotropic to 0,01
Santo Regional extension, granular, unconfined
Anastácio to semi-confined, not continuous, -- 80 – 1,0 to 2,0 50,0 to 100,0 – 0,3 to 1,0
heterogeneous, anisotropic
Limited extension, granular, unconfined 
Caiuá to semi-confined, continuous,  13.000 200 50 to 150 2,0 to 5,0 100,0 0,0001 < 3,0
homogeneous, isotropic to 200,0 to 0,15
Basalt Limited extension, fractured, unconfined 
to semi-confined, not  continuous,  32.000 150 5 to 70 0,01 to 10,0 1 to 700 – –
Diabase heterogeneous, anisotropic
Botucatu
(unconfined 16.000 250 10 to 100 0,03 to 17,0 – 0,001  0,2 to 4,0
portion) to 0,2
Botucatu
(confined  136.800 500 50 to 600 0,01 to 26 70 to 1300 0,000001 0,5 to 4,6
portion) to 0,0001
Aquitard Regional extension, granular, unconfined 
Passa Dois Passa Dois to confined, heterogeneous, anisotropic 6.900 120 3 to 10 0,005 to 1,0 – – –
(regionally considered as an aquitard)
Regional extension, granular (locally 
Tubarão Itararé/ fractured), unconfined to semi-confined,  20.700 1.000 3 to 30 0,005 to 8,5 0,3 to 200,0 0,0001  0,002 to 0,7
Aquidauana not continuous, heterogeneous, anisotropic  to 0,05
(locally not continuous and isotropic)
Paraná Furnas Limited extension, granular, unconfined 
to confined, continuous, homogeneous 500 200 10 to 50 0,2 to 1,0 – – –
Regional extension, fractured, unconfined 
Precambrian Precambrian to semi-confined, not continuous,  53.400 200 5 to 30 0,001 to 7,0 0,1 to 200,0 – –
heterogeneous, anisotropic 
AQUIFER
SYSTEM
AQUIFER
UNIT
HYDROGEOLOGIC
PROPERTIES
Aquifer geometry Well production Hydraulic properties Chemical properties
Area
(km2)
Average 
thickness
(m)
Discharge
(m3/h)
Specific
discharge
(m3/h/m)
Transmissivity
(m2/d)
Storativiity
(adm)
Salinity
(mg/L)
Cenozoic
Bauru
Serra Geral
Regional extension, granular, unconfined 
to highly confined, continuous, 
homogeneous,   isotropic
GuaraniCASE STUDIES
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Table 2. Area, precipitation, exploitable groundwater resources for each 
Hydrogeologic Resource Management Unit (HRMU) of the State of São Paulo
of the State of São Paulo
HRMU
Area of basin 
(km2)
Precipitation average 
(m3/s)
Exploitable
groundwater resources
(m3/s)
01 – Mantiqueira 675 41.74 2
02 – Paraíba do Sul 14,444 645.80 20
03 – Litoral Norte 1,948 165.55 8
04 – Pardo 8,993 427.75 10
05 – Piracicaba/Capivari/Jundiaí 14,178 621.32 24
06 – Upper Tietê 5,868 269.62 19
07 – Baixada Santista 2,818 238.59 15
08 - Sapucaí/Grande 9,125 439.81 11
09 - Mogi-Guaçu 15,004 675.60 17
10 – Middle Tietê/Sorocaba 11,829 476.37 8
11 - Ribeira de Iguape/Litoral Sul 17,068 980.15 58
12 – Lower Pardo/Grande 7,239 315.40 11
13 – Tietê/Jacaré 11,779 489.30 13
14 – Upper Paranapanema 22,689 928.83 25
15 - Turvo/Grande 15,925 631.22 11
16 - Tietê/Batalha 13,149 513.68 10
17 – Middle Paranapanema 16,749 690.44 21
18 - São José dos Dourados 6,783 268.86 4
19 – Lower Tietê 15,588 598.09 12
20 – Aguapeí 13,196 510.50 11
21 – Peixe 10,769 426.85 12
22 - Pontal do Paranapanema 12,395 479.12 15.2
State of São Paulo 248,211 10834.60 336.1GROUNDWATER RESOURCES SUSTAINABILITY INDICATORS
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Table 3. Groundwater demand for the State of São Paulo 
(São Paulo 2004, modified)
HRMU
Use (m3/s)
Total demand
(m3/s) Domestic and public supply Industrial Rural Other
01 – Mantiqueira – – – – 0.0
02 – Paraíba do Sul 1.7 1.8 0.8 – 3.6
03 – Litoral Norte 0.1 – – – 0.1
04 – Pardo 3.5 – – – 4.4
05 – Piracicaba/Capivari/Jundiaí 0.4 0.5 1.0
06 – Upper Tietê 2.8 3.4 – 1.7 7.9
07 – Baixada Santista 0.1 0.0 – – 0.1
08 – Sapucaí/Grande – – – – 0.9
09 – Mogi-Guaçú 1.0 3.7 0.1 0.0 4.8
10 – Tietê/Sorocaba 0.4 – – – 0.4
11 – Ribeira de Iguape/Litoral Sul 0.5 – – – 0.5
12 – Lower Pardo/Grande 0.2 0.2 – – 0.4
13 – Tietê/Jacaré 3.0 0.3 – 0.3 3.7
14 – Upper Paranapanema – – – – 0.3
15 – Turvo/Grande – – – – 5.5
16 – Tietê/Batalha 1.0 – – – 1.0
17– Middle Paranapanema 0.1 3.1 3.2
18 – São José dos Dourados 0.5 0.0 – 0.0 0.5
19 – Lower Tietê 0.7 – – – 0.7
20 – Aguapeí 1.1 – – – 1.1
21 – Peixe 1.2 – – – 1.2
22 – Pontal do Paranapanema – – – – 0.6
State of São Paulo 18.3 – – – 41.8
– No information available.C
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HRMU
Importance Abstraction Quality
Indicator 1
Groundwater
water for 
public supply 
(population %)
Indicator 2
Total abstraction
groundwater/ 
Total resources
(%)
Indicator 3
Groundwater
resources/
Total population 
(L/person/day)
Indicator 4
Total abstraction
groundwater/Gro
undwater
resources (%)
Indicator 7
Natural
groundwater
quality
Indicator 6
Aquifer
vulnerability
(% of area)
01 – Mantiqueira 0 0 2,842 0 ND 0
02 – Paraíba do Sul 25 20 983 18 5% B; 10% M; 12% A; 73% ND 0
03 – Litoral Norte 28 9 2,935 2 ND 0
04 – Pardo 69 20 921 44 10% B; 30% M; 10% A; 50% ND 5
05 – Piracicaba/Capivari/Jundiaí 5 2 482 4 45% B; 10% M; 5% A; 40% ND 11
06 – Upper Tietê 1 8 93 41 ND 0
07 – Baixada Santista 0 0 881 1 ND 0
08 – Sapucaí/Grande 28 7 1,533 8 26% M; 12% A; 62% ND 0
09 – Mogi-Guaçú 25 10 1,124 28 20% B; 43% M; 7% A; 30% ND 2
10 – Tietê/Sorocaba 12 6 433 5 56% B; 25% M; 4% A; 15% ND 0
11– Ribeira de Iguape/Litoral Sul 7 8 13,973 1 ND 0
12 – Lower Pardo/Grande 36 3 3,050 4 2% B; 82% M; 2% A; 24% ND 0
13 – Tietê/Jacaré 61 29 843 28 5% B; 60% M; 25% A; 10% ND 0
14 – Upper Paranapanema 8 5 3,187 1 60%; 15% M; 10% A; 15% ND 0
15 – Turvo/Grande 78 32 814 52 12% B; 74% M; 4% A; 10% ND 19
16 – Tietê/Batalha 91 11 1,860 10 14% B; 82% M; 4% A 03
17– Middle Paranapanema 44 26 2,892 15 22% B; 38% M; 40% ND 3
18 – São José dos Dourados 66 50 1,784 10 5% B; 69% M; 16% A; 10% ND 20
19 – Lower Tietê 52 5 1,541 6 2% B; 78% M; 20% A 17
20 – Aguapeí 88 19 2,711 10 4% B; 72% M; 24% A 0
21 – Peixe 61 21 2,402 10 15% B; 70% M; 15% A 8
22 – Pontal do Paranapanema 56 7 2,908 4 15% B; 60% M; 25% A 4
State of São Paulo 16 11 787 12 – 5
LOW Indicator < 25% Indicator < 25% Indicator > 1500 Indicator < 25% A < 5% Indicator <5%
MODERATE 25% ≤ Indicator < 50% 25% < Indicator < 50% 500 < Indicator < 1500 25% < Indicator < 40% 5% < A < 10% 0.05 ≤ Indicator<10%
HIGH Indicator > 50% Indicator > 50% Indicator < 500 Indicator > 40% A > 10% Indicator >10%GROUNDWATER RESOURCES SUSTAINABILITY INDICATORS
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Figure 1. Percentage of the population supplied by groundwater for each Hydrologic Resource
Management Unit (HRMU) (associated with the main watershed) in the State of São Paulo 
(associated to the main watershed) in the State of São Paulo
Figure 2. Main aquifer systems in the State of São PauloCASE STUDIES
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7.5 Implementation 
of groundwater indicators 
in the Republic of South  Africa
Jan Girman
Department of Water Affairs and Forestry, 
Pretoria, Republic of South Africa
7.5.1 INTRODUCTION
This document serves the purpose of a case study of the Groundwater Indicators UNESCO working
group. It uses the data compiled and information generated during the project aimed at the quanti-
fication of South Africa’s groundwater resources. It is believed that the reference information may be of
assistance to countries that have not embarked on the quantification of their groundwater resources as
yet. Bearing in mind the scope of this document, only projects dealing with the groundwater planning
potential, groundwater recharge and groundwater use are described in more detailed fashion.
In 1995, the Department of Water Affairs and Forestry (DWAF) initiated a national hydrogeological map-
ping programme, at 1:500 000 scale. This was completed in 2003 and is known as the Phase I Ground-
water Resource Assessment. The DWAF has subsequently embarked on the Phase II of Groundwater
Resource Assessment (GRA II). This portfolio delivered relevant quantitative information on groundwater
resources in support of integrated water resource management. It comprises five projects, that have
been completed in June 2005.
Scope
The scope of this report is to apply the methodology of groundwater indicators 2.3.1 (Groundwater
renewable resources per capita), 2.3.2 (Groundwater abstraction as part of groundwater recharge) and
2.3.3 (Groundwater abstraction as part of exploitable groundwater resources) using the data compiled
through the GRA II project in South Africa.
About the GRA II project
The main objective of the GRA II project was to develop an algorithm of methodologies and compile the
datasets that will support groundwater resource quantification per quaternary drainage region (DWAF,
2005a). This project has also supported the principles of integrated water resources management.The work is has been undertaken at desktop level, initiated by a literature study and complemented by
field work where deemed necessary. All the projects were carried out in a GIS environment (ArcGIS). 
The portfolio consists of the following projects:
• Project 1: Methodology for GW Quantification;
• Project 2: GW Planning Potential Map;
• Project 3: GW Recharge and GW/SW Interaction ;
• Project 4: Classification of Aquifers;
• Project 5: Water Use.
Acronyms and abbreviations
Acronym/Abbreviation Definition
CV Coefficient of variation
DWAF Department of Water Affairs & Forestry
EARTH Extended model for Aquifer Recharge 
and Moisture Transport through Unsaturated Hardrock
GRA II Groundwater Resource Assessment Phase II
GMU Groundwater Management Unit
IWRM Integrated Water Resources Management
MAP Mean annual precipitation
NWA National Water Act
RDM Resource Directed Measures
SW/GW Surface water / groundwater
WR90 Water Resources of South Africa: 1990 study
WR2005 Water Resources of South Africa: 2005 study
WRC Water Research Commission
WSAM Water Situation Assessment Model
RQO Resource Quality Objectives
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Methodology for groundwater quantification
In terms of groundwater quantification, there are three key hydrogeological aspects (DWAF, 2005a).
These are: the total volume of water stored in the aquifer – which indicates the exploitable potential; the
rate at which it is replenished – which governs its sustainable use; and the rate at which water moves in
the aquifer – which dictates the practical rate at which it can be utilised. Groundwater quality may also
influence the practical abstraction rate. The diagram below shows the key ‘inputs’ and ‘outputs’ that
affect groundwater resource quantification.
The purpose of this project was to develop a ‘road map’ for the quantification of groundwater resources,
both on a large-scale, where regional groundwater resources need to be assessed, and on a small-scale,
where a single aquifer (or closely spaced aquifers) needs to be quantified. The method developed thus
needs to be applicable at various scales, and sufficiently robust to ensure that it can utilise both sparse
and dense data sets. It may require ‘levels’ of complexity that are based on the density and type of infor-
mation available (similar to the concept, for example, of ‘rapid’, ‘intermediate’ and ‘comprehensive’
reserve determinations). In this regard the method is using to use is using available data sets of basic
information (default values) to do rapid quantifications, but it also is sufficiently versatile to incorporate
larger data sets with more comprehensive information. 
• The vital elements of groundwater resource assessment are:
• Delineating the aquifers (for both recharge and storage estimates);
• Recharge (natural);
• Storage (storativity and specific yield);
• Transmissivity;
• Water levels;
• Existing groundwater use;
• Groundwater quality;
• Basic human needs and ecological needs;
• Groundwater - surface water interaction;
• Evapotranspiration.
STORAGE
Usage Recharge from 
rainfall
Baseflow Evapotranspiration Recharge from
riverflow 
Inflow Outflow
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Baron et al. (1996) produced the Groundwater Harvest Potential Map of the Republic of South Africa. It
is a derivative of the set of maps, ‘Groundwater Resources of South Africa (Vegter, 1995). The map is
basically a synthesis of available data on recharge and storage to quantify groundwater resources.
Harvest Potential in this context is the sustainable volume of groundwater that may be abstracted per
km2 per year. This map was used as the basis for General Authorizations for groundwater use under the
provisions of the Water Act of 1998.
Groundwater resource potential is of particular concern to the planner, developer and groundwater
exploiter. According to Struckmeier (1989) groundwater resource potential embraces the following:
• Accessibility – aquifer depth and drilling risk;
• Exploitability – yield and pumping lift;
• Availability – resource and recharge;
• Suitability – chemistry and risk pollution;
• Conservation – size and hydrodynamic situation.
A number of existing spatial datasets has been used and updated to develop the groundwater planning
potential map, i.e. Groundwater Resources of South Africa – Borehole Prospects, Groundwater Harvest
Potential of the Republic of South Africa and 1 : 500 000 scale Hydrogeological map series. The aim was
to develop an exploitation map and an exploration potential map, which was then intersected ‘geo-
spatially’ and reclassified to produce the planning potential map. The exploitation map essentially con-
siders the resource and recharge while the exploration map assesses the accessibility and success of
drilling.
Sustainable groundwater abstraction depends to a large extent on adequate recharge to replace 
the water being removed from the aquifer system. The quantification is expressed in Mm3 per quater-
nary catchment per annum. The Mean Annual Effective Recharge (MAER) from rainfall was estimated
using the Mean Annual Precipitation (MAP), percentage Coefficient of Variance (CV) of MAP, %-Terrain
Slope and Lithological-Recharge Factor raster-datasets (DWAF, 2005b). The following GIS-based spatial-
modelling process was used to simulate the mean annual volumes of recharge:
• A variable recharge rate (Rf) was estimated for grid-cells countrywide, where Rf increases with
increasing MAP.
• The effect of terrain slope on the relationship between rainfall infiltration and runoff was
accounted for using a Slope Factor (Sf). 
• The positive or negative effects of the various lithological units on rainfall recharge was accounted
for using a Lithological Factor (Lf). 
• Mean annual depth of groundwater recharge (Re) from rainfall was estimated for each grid-cell, as
follows: Re (mm/year) = MAP x Rf x Sf x Lf
• The recharge estimates obtained above were adjusted upwards and downwards to provide 
an upper and lower limit, respectively, according to the coefficient of variation (CV) in the annual
rainfall.
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➔ Groundwater recharge
The quantification of groundwater recharge is an essential task for water resource management, how-
ever groundwater recharge can vary significantly across a catchment and the estimates calculated can
also be difficult to validate. There can be many factors that influence groundwater recharge and the
interaction between these factors is also important. Nonetheless quantification of groundwater recharge
is required on a catchment basis for assessing the sustainable use of groundwater in the context of the
National Water Act (1998). Once the Reserve has been set and the existing lawful use determined, the
amount of groundwater available for other activities can be allocated taking cognisance of the GW/SW
interaction. Thus for the Department of Water Affairs and Forestry to assess applications for ground-
water use, it is necessary to have the quantification of groundwater recharge on both a quaternary
catchment scale and annual (hydrological year) basis.
The project has delivered a GIS-based generic algorithm that can be applied to estimate recharge on a
national scale using an iterative raster-based modelling approach (DWAF, 2005c).
The basic process of developing a raster-based model within a GIS, to estimate recharge from rainfall on
a regional or national scale includes:
• Detailed assessment of all available localized recharge determinations from various parts of South
Africa, as well as Namibia, Botswana and Zimbabwe. Use of GIS techniques to investigate the 
relationship between these recharge estimations and key factors included in the GIS groundwater
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Figure 1. Rainfall sampling stationsGROUNDWATER RESOURCES SUSTAINABILITY INDICATORS
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recharge model, i.e. the variance of recharge rates with mean annual rainfall, rainfall intensity,
lithology, soil type etc. 
• Development and testing of the GIS-model (algorithm) was an iterative process, starting with a
basic algorithm that utilizes only the major parameters to determine recharge and then was grad-
ually ‘adding’ other parameters to the model. In this way, at each ‘step’ in the process the influ-
ence and sensitivity of the various parameters on the output was assessed.
The regional recharge map was verified against the local recharge estimates obtained using standard
methods, water-balance simulations per quaternary catchments (also for comparison with WR90 and
WR2005 data) and comparison with existing datasets, i.e. Groundwater Recharge estimation by Vegter
(1995). One of the challenges was to overcome the uneven distribution of applicable data as illustrated
in availability of chloride analytical results from groundwater (Fig. 2) and precipitation (Fig. 1).
• The algorithm was also developed to include actualised assessment in terms of actual effective
rain spell events. 
• The GIS-model takes into account various input data, processing and output uncertainties and
provides a raster-based coverage indicating the overall error in the recharge estimation.
• The raster-based GIS model produces an output of Mean Annual Recharge per quaternary catch-
ments in Mm3 per year and Annual Recharge per quaternary catchments and actual hydrological
year in Mm3per year.
Figure 2. Distribution of boreholes with chloride measurementsThe results of the project were used to generate the map shown in Fig. 3.
Groundwater/Surface water interaction
Surface water can be recharged from, or discharged to groundwater. The exchange rate of water is usually
controlled by the difference in hydraulic heads (water levels) between river stage and the piezometric
surface of groundwater and resistance, or permeability, of the media between the groundwater and 
surface water bodies (DWAF, 2005d). According to water levels, surface water bodies are classified as:
• Influent: The groundwater level is lower than the surface water level, and therefore surface water
potentially recharges groundwater. 
• Effluent: The groundwater level is higher than surface water level, and therefore groundwater is
recharging surface water. 
• Intermittent: The groundwater level is higher than the bed of the surface water body, but depend-
ing on the elevation of the water level, groundwater may recharge the surface water body or the
surface water may recharge groundwater.
• No connection: The groundwater level is below the surface water level and the two do not influ-
ence each other.
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Figure 3. Groundwater abstraction as part of groundwater recharge 
at the quarternary catchment levelDuring this project all available literature has been reviewed, including the following:
• stream flow classification methods;
• geomorphologic classification of streams;
• hydrograph separation techniques;
• existing data sets;
• technical details required for determination of the groundwater component of the reserve as
required by the National Water Act, with specific reference to groundwater/surface water inter-
actions;
• the approach used in WR90.
Critical datasets were identified and evaluated in terms of their potential to be utilised for evaluating
SW/GW interactions. Such data constitute a potential database for a proposed generic algorithm to 
simulate such interactions. For example, it may be possible to write algorithms to simulate SW/GW
interactions into the PITMAN model (Pitman, 1973; Hughes, 2002) based on standard parameters. The
following basic datasets covering South Africa are required:
• Land use information;
• ARC Soil and Land type classification maps;
• Stream flow records (hydrographs) for all quaternary catchments;
• Basic monthly climatological information;
• Digital vector coverages of all the 1/250,000 scale geological maps;
• High spatial resolution Digital Elevation Model (DEM);
• Data from WR90 and the available data from the WR2005 project.
The project team has developed a generic algorithm that can be applied to estimate groundwater/
surface water interaction on a quaternary drainage region scale using streamflow/geomorphologic 
classifications and hydrograph separation techniques for the whole country.
Methodology for groundwater classification
The Minister of Water Affairs and Forestry is required to classify all significant water resources under the
National Water Act (Act 36, 1998). This Classification should enable protection of resources for sustain-
able use and should guide the level and type of Resource Quality Objectives (RQO) to be set for the
resource (DWAF, 2005e). The first step in the realization of the Resource Directed Measures (RDM) is to
establish a Classification system (Chapter 3 Part 1, Section 12 of the National Water Act). The National
Water Resources Strategy (DWAF, 2004) proposes five classes for water management units to allow dif-
ferentiated protection and use of variably impacted resources.
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• Approach to delineate groundwater management units (GMUs);
• Resource potential of the GMUs;
• Current and future likely use of groundwater (including ecological use);
• Current degree of modification of the resource;
• Vulnerability to contamination, drought and over exploitation;
• Acceptable degree of modification of aquifers within sustainable limits;
• Assessment of the quality of data and knowledge-based inputs;
• Tracking confidence in data inputs results through the Classification system;
• Management options for ongoing refinement of inputs and outputs.
Groundwater use
Groundwater use figures have long been an area of some debate, especially because their availability
and understanding is one of the most crucial elements of groundwater management (DWAF, 2005f).
With this and the other tools developed under the overall project greater efforts can be made with
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Figure 4. Groundwater abstraction as part of exploitable groundwater resources 
at the quarternary catchment level ment levelrespect to the sustainable development of water resources. For the sake of IWRM, it is essential that the
groundwater use be identified as a quantified portion of the total water use. Any other approach would
leave space for doubts about veracity of the information provided. In addition to that, the aspect of con-
junctive water use is considered an important issue and received specific attention in this project.
The development of a single source of information regarding groundwater use is a complex under-
taking, drawing together scattered and disparate data from different directorates, government depart-
ments and other sources. Data sets such as land cover, rural water supply project data, industrial, agri-
cultural, mining and municipal water use data, as well as WSAM; for details of licensed water use; were
vital inputs to the process. In the long run, it is anticipated that the ‘Eye in the Sky’ technology of satel-
lite remote sensing could play an important role in the validation of water use licensing.
The scope of this project was not limited to consumptive use. Information about e.g. artificial recharge
provided important insight when it comes to balancing the water sheet of respective areas. The scope of
this project was hence the water use i.r.o. NWA. The results of the project have been used to compile
Fig. 3 and Fig.4.
7.5.3 APPLICATION OF GROUNDWATER INDICATORS
• Indicator 2.3.1: Groundwater renewable resources per capita
The amount of available groundwater resources at country level in relation to the number of people
using it becomes an important factor for the social and economic development of a country. 
The formula for the actual calculation is the following:
Where:
Groundwater renewable resources = Recharge + Seepage – Base-flow + Inflow - Outflow + Artificial recharge
➔ National application
According to the results of Population census of South Africa available through Statistics South Africa
(http://www.statssa.gov.za), there were 44.8 million inhabitants at the time of census. Groundwater
resources of South Africa have recently been quantified through the GRA II project, and the total
recharge has been calculated (see section 2.3) at 30,520,000,000 m3 (DWAF, 2005c). The same project
has determined the baseflow at 18,818,000,000 m3 (DWAF, 2005d). The seepage as per above formula
has not been estimated separately, just as the inflow and outflow. The volume of artificial recharge is at
present insignificant at the national level.
30,520,000,000 + 0 – 18,818,000,000 + 0 – 0 + 0
44,800,000
=  261 m3/a/inhabitant
Groundwater renewable resources [m3/a]
Inhabitants
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Where the availability of data permits the indicator is applicable at the catchment scale.
• Indicator 2.3.2: Groundwater abstraction 
as part of groundwater recharge
Groundwater abstraction as part of the groundwater recharge has been proposed as a national indica-
tor, taking the natural and induced recharge and total groundwater abstraction into consideration.
The formula for the actual calculation is the following:
➔ National application
Groundwater recharge in the RSA has been determined through the GRA II project as a volume of
30,520,000,000 m3 per annum (DWAF, 2005c). The same project has determined the total groundwater
abstraction at 1,771,000,000 m3 per annum (DWAF, 2005f). These values have already been verified and
are considered the best determination under the circumstances.
Applying this formula to the values above will give following results:
➔ Catchment application
The indicator is considered suitable for a catchment scale where suitable data is available. The values of
groundwater recharge and abstraction have been determined at the quaternary catchment level in RSA
and the application at this detailed scale was hence possible. The graphical expression of results is
depicted on the Fig. 3. 
• Indicator 2.3.3: Groundwater abstraction 
as part of exploitable groundwater resources
Total groundwater abstraction means the total withdrawal of water from a given groundwater body by
means of wells, boreholes, springs and other ways for the purpose of public water supply and agri-
cultural, industrial and other usage. The term exploitable groundwater resources means the amount of
water that can be annually abstracted from a given aquifer under current socio-economic constraints,
political priorities and ecological conditions.
1,771,000,000  x 100%
30,520,000,000
=  5,8%
Total groundwater abstraction [m3] x 100% 
Groundwater recharge [m3]
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➔ National application
The volume of exploitable groundwater resources of South Africa has been determined through the
GRA II project at 10,353,000,000 m3 per year (DWAF, 2005b). The total groundwater abstraction has
been determined through the same project at the 1,771,000,000 m3 per annum (DWAF, 2005f). This
value has already been verified and is considered the best determination under the circumstances.
Applying the formula to the values above will give following results:
As per the methodology, South Africa falls in the Scenario 1 (abstraction < exploitable amount).
➔ Catchment application
The values of exploitable groundwater resources and abstraction have been determined at the quater-
nary catchment level in RSA and the application at this detailed scale was hence possible. The graphical
expression of results is depicted on the Fig. 4. The indicator is considered suitable for a catchment scale.
The catchment application of this indicator allows for flexibility of the legend to suit a specific purpose.
7.5.4 GROUNDWATER INDICATORS – THE WAY AHEAD
Groundwater indicators are considered a useful tool in visualization of various aspects of water resource
management. They highlight the state of development, stress and other aspects related to condition of
aquifers and aid considerably in the strive for sustainable water supply solutions. They also provide a
suitable platform of high-level comparisons between various regions and where applied at the national
level, they have potential to support international dialogue on pressing environmental matters. It 
is believed that proper implementation will be aided by international institutions (e.g. IGRAC) and 
that subsequent improvement in the availability and quality of data from various presently data-scarce
countries will be one of the by-products of this effort.
The following are the main conclusions and recommendations learned from the GRA II project portfolio
and in our opinion hold true for the Groundwater Indicators project worldwide:
• The method used to determine the recharge should ideally include more than just rainfall/recharge
relationships and should take into account recharge processes and mechanisms.
• There has been an increase in the number of publications on regional assessment of groundwater
recharge in recent times.
1,771,000,000  x  100%
10,353,000,000
=  17,1%
Total groundwater abstraction [m3] x 100%
Exploitable groundwater resources [m3]
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possible. Initially a deterministic model may be tested and validated with point recharge estimates.
The feasibility of converting this deterministic model to a stochastic model should then be consid-
ered.
• The project methodology has successfully used a modified version of the EARTH model. The EARTH
model (Van der Lee and Gehrels, 1997) takes into account both the physical process of the saturated
and unsaturated zone, and it is a lumped distributed model simulating water level fluctuations by
coupling climatic, soil moisture and groundwater level data.
• Input data for the modelling comes from a number of sources, e.g. national groundwater archives,
models and remote sensing image analysis.
• The Map of Groundwater Resources of the World, prepared in a UNESCO project World-wide Hydro-
geological Mapping and Assessment Programme (WHYMAP), provides a suitable background for the
scale-suitable simplification of global groundwater conditions, and its use for the groundwater indi-
cators project is recommended.
7.5.5 CHALLENGES RELATED TO THE USE 
OF THE INDICATORS
In the process of implementation of recharge related indicators we are likely to face numerous issues
that will require careful consideration:
• Heterogeneity, low representivity and uneven distribution of available information (compare Fig. 1
and Fig. 2);
• Variability of hydrogeological conditions of prevailing aquifers;
• Determining a suitable (representative, simple and robust) method to describe one country with one
figure;
• Impact of various methodologies used in different countries on the comparability of results
• Flexibility of methodologies at the national level may lead to confusion when comparing internation-
ally. E.g. the interpretation of the term ‘exploitable groundwater resources’ may acquire different
meaning in countries facing different pressures on their water resources. In other words, the socio-
economic constraints, political priorities and ecological conditions as referred to in the definition may
lead to results that will be difficult to compare.
It is believed that it is feasible to address the challenges expected to affect the implementation, e.g.
through tightly co-ordinated approach. The lessons from the global use of the indicators will certainly
provide useful material for a possible revision and the terms of reference for the implementing agency
needs to collect the inputs as far as practicable.
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Appendix 1: 
Groundwater indicator sheets
Groundwater indicator profiles are presented on the indicator sheets developed in the
framework of the World Water Assessment Programme for all types of indicators.
Standardized indicator sheets facilitate mutual comparability of indicator characteristics,
particularly their position in the DPSIR framework, methods of indicator computation,
units of measurements, scale of application, interpretation, linkages with other indicators
and sources of further information. 
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INDICATOR SHEET 2.3.1
Indicator name: Renewable groundwater resources per capita
Challenge area Availability of groundwater resources for social and economic development.
Rationale/aspect
of the challenge area
Source of good (healthy) drinking water, water for agriculture (particularly 
for irrigation) and for industry, integral component of the ecosystem.
Position in DPSIR chain Driving force indicator.
Definition of indicator Total amount of groundwater resources (m3 per year) per capita at a national,
regional or natural (aquifer, basin) level. 
Underlying definitions 
and concepts
Water consumption per capita (present state). Trends with respect to social 
development and economic growth.
Specification of 
determinants needed
Available renewable groundwater resources (m3 per year) . 
Population per aquifer, basin or other administrative units.
Computation Assessment of available groundwater resources versus population 
(volume per capita/day or year).
Units of measurements Volume (m3 per year); number of inhabitants - present state and expected yearly
population growth; expected social and economic growth.
Data sources, availability 
and quality
Number of inhabitants-present state and expected growth; groundwater available
per capita; climatic, hydrological and hydrogeological data required for 
groundwater resource evaluation; data on land use, particularly with respect 
to the potential human impact on groundwater quality; data about groundwater use
in agriculture, industry and other activities. 
Scale of application National, regional, municipal.
Interpretation Data about available groundwater resources per capita support planning, 
regulatory and decision making processes with respect to economic and social
development and environmental protection policy. Analysis of indicator data also
support integrated management of both groundwater and surface water resources.
The constraints in the use of this indicator are to have reliable data 
about available groundwater resources in the national territory or other
administrative units or natural (basin, aquifer) units.
Linkage with other indicators Groundwater recharge/Total abstraction groundwater indicator; Total abstraction
groundwater/Exploitable groundwater resources indicator; relevant surface water
indicators.
Alternative methods 
and definitions
The value of the indicator can only be improved if reliable data about exploitable
groundwater resources (groundwater reserves) are available. Establishment and
operation of groundwater monitoring systems for both quantity and quality support
evaluation of groundwater resources.
Related indicator sets Groundwater recharge/Total abstraction groundwater; Total abstraction 
groundwater/Exploitable groundwater resources; relevant surface water indicator.
Sources of further information Government institutions, National climatic and hydrological services (groundwater
and surface water) databanks, water supply companies and other groundwater users
Involved agencies UNESCO, FAO, National Committees of IHP, IGRAC.101
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INDICATOR SHEET 2.3.2
Indicator name: Total groundwater abstraction/Groundwater recharge
Challenge area Sustainability of abstraction of groundwater resources.
Rationale / aspect 
of the challenge area
Excessive abstraction of groundwater without understanding of recharge rates can often
cause problems such as depletion of the resource or even permanent damage to the aquifer
and sometimes also land subsidence. This indicator may encourage managers to judge 
the likely level of sustainability through linking the abstraction to groundwater recharge
estimates. The greatest challenge is how accurately the recharge estimation can be made. 
It is often that the areas of recharge cannot be accurately delineated.
Position in DPSIR chain State indicator
Definition of indicator Total groundwater abstraction 
Groundwater recharge  
Underlying
definitions
and concepts
Groundwater recharge can be defined in a broad sense as ‘an addition of water 
to a groundwater reservoir’. For groundwater recharge indicator construction, the natural
recharge by downward flow of water through the unsaturated zone has been used, which 
is generally the most important mode of recharge in arid and semi-arid areas. Total
abstraction of groundwater means total withdrawal of water from a given aquifer by wells,
boreholes, springs and other ways for the purposes of public water supply and agricultural,
industrial and other usage
Specification
of determinants 
needed
Suitable methods of recharge estimation or calculation (hydrologic budget equation,
numerical simulation of vertical infiltration, Darcy's law implementation to calculate
recharge/discharge rate, field measurements on the basis of observation wells, application of
hydraulic models of groundwater flow) should be selected with respect to the
hydrogeological and climatic conditions. Data about groundwater abstraction are mostly
available, but natural groundwater discharge from aquifers (springs, discharge into the surface
water bodies, base flow) also needs to be estimated or calculated, if relevant data are
available.
Computation Commonly used methods for recharge estimation and abstraction calculation.
Units of measurements The unit will be dimensionless and expressed as percentage.
Data sources, 
availability
and quality
Suitable methods of recharge estimation or calculation (hydrological budget equation,
numerical simulation of vertical infiltration, Darcy's law implementation to calculate
recharge/discharge rate, field measurements on the basis of observation wells, application 
of hydraulic models of groundwater flow) should be selected with respect to the hydro-
geological and climatic conditions. Data about groundwater abstraction are mostly available,
but natural groundwater discharge from aquifers (springs, discharge into the surface water
bodies, base flow) also needs to be estimated or calculated, if relevant data are available.
Scale of application Groundwater units (aquifers, groundwater basins) or aquifer systems at catchment scale,
preferably compatible with those of surface water. This is in line with the concept of
Integrated Water Resource Management. Delineation of the area of application requires
careful interpretation because commonly the boundaries of geological formations and
catchments do not coincide.
Interpretation This can only serve to give an indication of the water balance over a long period of time.
Linkage with 
other indicators
This will be used in conjunction with the indicator ‘Total groundwater abstraction /Exploitable
groundwater resources’.
Alternative methods 
and definitions
Analysis of groundwater level fluctuation trend, evaluation of baseflow curve.
Related indicator sets Groundwater depletion indicator.
Sources of 
further information
National, regional and municipal water authorities, groundwater databases, especially
national database if any, data registered by water supply companies and other groundwater
users.
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INDICATOR SHEET 2.3.3
Indicator name: Total groundwater abstraction/Exploitable groundwater resources
Challenge area Sustainability of abstraction of groundwater resources.
Rationale/aspect of the
challenge area
Abstraction of groundwater without understanding of recharge rates and the volume 
of groundwater available can often cause problems. This indicator may encourage managers
to link the total volume of groundwater that can be abstracted annually to groundwater
recharge estimates, and recognise possible over-abstraction. The greatest challenge is 
how accurately the recharge estimation can be made. It is often that areas of recharge
cannot be accurately delineated and exploitable groundwater resources correctly defined.
Position in DPSIR chain State indicator.
Definition of indicator Total abstraction groundwater
Exploitable groundwater resources 
Underlying definitions
and concepts
The total abstraction of groundwater means the total withdrawal of water from a given
aquifer by wells, boreholes and other artificial ways for purpose of water supply and
agricultural, industrial and other usage. The exploitable groundwater resource means 
the amount of water that can be abstracted from a given aquifer (or other unit as mentioned
below) under current socio-economic constraints and hydrogeological and ecological
conditions.
Specification
of determinants 
needed
Total abstraction of groundwater is determined using all available sources of date (water
meters, electricity consumption for water abstraction, types of pumps used for abstraction
etc.). Indirect from crop areas and consumptive use of water. Assessment of groundwater
recharge, evaluation of exploitable groundwater resources and classification of groundwater
reserves based on hydrological budget equation, numerical simulation of vertical infiltration,
Darcy's Law implementation to calculate recharge/discharge rate and implementation of
hydraulic models of groundwater flow.
Computation Commonly used methods for abstraction calculation, recharge estimation and classification.
Units of measurements The unit will be dimensionless and expressed as percentage.
Data sources, 
availability
and quality
Data about groundwater abstraction are mostly available, because in many countries
permits and evidence of groundwater abstraction are obligatory and registered. Data 
of groundwater abstraction from domestic wells are usually based on qualified estimation.
Data for exploitable groundwater resources are not many times readily available.
Scale of application International, regional (sub-regional), large groundwater units (aquifers, aquifer systems,
groundwater basins) or river basins. This is in line with the concept of Integrated Water
Resource Management (IWRM).
Interpretation This can only serve to give an approximate indication of the water balance over a long
period of time.
Linkage with 
other indicator
This will be used in consultation with the indicator ‘Total groundwater abstraction/
Groundwater recharge’
Alternative methods 
and definitions
Analysis of groundwater fluctuation trend. Monitoring of the impact of groundwater
abstraction on ecosystems and groundwater systems (springs, discharge into surface water
bodies, base flow) .
Related indicator sets Groundwater depletion indicator.
Sources of 
further information
National, regional and municipal water authorities, groundwater databases, especially
national database if any, data registered by water supply companies and other groundwater
users, ecological monitoring networks.
Involved agencies UNESCO, IAEA, National Committees of IHP, WWAP, IGRAC, IAH 
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INDICATOR SHEET 2.3.4
Indicator name: Groundwater as a percentage of total use of drinking water at national level
Challenge area Increase access of the world water population to save and affordable drinking water and 
to improve hygienic living conditions particularly in developing countries. 
Rationale/aspect
of the challenge area
Integrated management and use of both surface water and groundwater is needed to
support conservation of the quantity and quality of fresh water resources and protection of
terrestrial ecosystems and to increase the efficiency and effectiveness of water supply
systems and per capita water use in developing countries, particularly in arid and semi-arid
regions. 
Position in DPSIR chain State indicator.
Definition of indicator The indicator expresses the present state and trends of surface water and ground water 
use for drinking purposes at a national level. Better knowledge of groundwater systems and
groundwater dynamics based on research, hydrogeological investigation, groundwater
monitoring together with the generally good quality of groundwater led to increasing use of
groundwater for drinking water supply in many countries. The ratio of surface water to
groundwater use for drinking water supply has changed in favour of groundwater in many
European countries in recent decades. In arid and semi-arid zones, groundwater is the most
significant and safe source of drinking water. In developing countries, groundwater from
domestic wells benefits rural populations and plays a fundamental role in the social
development of rural areas. 
Underlying definitions
and concepts
The indicator expresses the ratio surface water/groundwater at national level, with respect to
the percentage of population supplied by water supply systems. The ratio is not stable and it
reflects the social and economic conditions of society, accessibility of water resources,
investments in water resources development and protection, the economic value given to
water, population growth, water pollution problems, climate change, impact of catastrophic
events (drought, floods). 
Specification of 
determinants needed
Total volume of surface water use for drinking purposes at national level.
Total volume of groundwater use for drinking purposes in the country. 
Computation The indicator is determined by simple arithmetic action – the total sum of both groundwater
and surface water resources use for drinking purposes and the relationship of groundwater
to the total, expressed as a percentage.
Units of measurements The indicator is based on measurable units (km3/year, m3/year), however its presentation will
be dimensionless and expressed as the ratio of both resources as a percentage.
Data sources, 
availability and quality
National, regional and local water authorities, water supply companies. Data about
groundwater use from domestic wells are usually based on qualified estimation.
Scale of application International (transboundary aquifers), national and regional level, large groundwater basins,
aquifer systems, river basins. 
Interpretation The indicator informs about the use of surface water and groundwater resources for public
water supply in a country. Such data support planning, regulatory, and decision making
processes with the objective of meeting human demands and access to safe drinking water
and thus reducing waterborne diseases. Analysis of indicator data also support integrated
management of fresh water resources, utilizing the advantages of both surface water and
groundwater.
Linkage with 
other indicators
Linkage can be made to the indicator Renewable groundwater resources per capita 
(m3/year) and to the Groundwater quality indicator and Groundwater depletion indicator.
This indicator is also connected to the relevant surface water indicator, both express
dependence of the population on fresh water resources. 
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Alternative method 
and definitions
Definition of the indicator can only be improved if reliable data about surface water and
groundwater use for drinking purposes are available. Abstraction of fresh water resources 
for water supplies is based on permits and therefore evidence of water abstraction is
obligatory in many countries and must be registered. Data include evaluation of both water
abstraction and water use, taking account of potential losses of water during the transport
from the source to the user. 
Related indicator sets Indicator Total groundwater abstraction /Exploitable groundwater resources, Groundwater
recharge/Total groundwater abstraction.
Sources of 
further information
Belousova A. P. 1999. Ecological Indicators and Indices of Sustainable Development. Impact 
of Urban Grown on Surface and Groundwater Quality. Symposium HS5, Birmingham.
IAHS Publ, No. 259, pp. 83–90.
Belousova A. P. 2000. A Concept of Forming a Structure of Ecological Indicators and Indexes 
for Regional Sustainable Development. J. Environment Geology, Vol. 39, No. 1, 
pp. 1227–36.
Involved agencies UNESCO, UNEP, IAEA, WHO, World Bank, WWAP, National Committees of IHP,
Governmental water authorities, National water databanks.
INDICATOR SHEET 2.3.4 (Continued)
INDICATOR SHEET 2.3.5
Indicator name: Groundwater depletion
Challenge area Groundwater resource management
Rationale / aspect 
of the challenge area
Any groundwater exploitation leads to water-level declines and affects groundwater storage.
The critical issue is how much water can be withdraw from a groundwater body without
producing an undesired impact on groundwater (excessive depletion of river base flow,
ecological impacts in wetlands, irreversible changes to the biotopes, subsidence in
unconsolidated sediments; and intrusion of water of poor quality). Declines in the
groundwater hydraulic head are reflected in the increase of pumping costs, decreasing well
production and may make groundwater use economically and socially unfeasible.
Position in DPSIR chain State-impact indicator.
Definition of indicator Σ area with groundwater depletion problem  
Σ area of studied aquifer                
x 100%
Underlying definitions
and concepts
Groundwater level decline is an indicator of excessive groundwater exploitation. However,
this occurrence is also subject to natural and seasonal fluctuation by the influence of climatic
conditions and aquifer characteristics. In some ways, groundwater storage depletion may
also be associated to a long transient evolution from one steady state to another and may
not necessarily represent a problem of unsustainable aquifer exploitation. The detection of
water level decline, using restricted information from production wells, is also a major
problem. For these reasons, indirect traits can help in the identification of depletion
problems.
Sum of area with groundwater depletion problem means the area in which regional level
decline is observed resulting from excessive exploitation of groundwater.
Sum of area of studied aquifers means the total area subject to consideration.
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INDICATOR SHEETS
INDICATOR SHEET 2.3.5 (Continued)
Specification of
determinants needed
A Potential groundwater depletion problem can be identified when regional aquifer-level
declines are associated to:
a) Areas with a high density of production wells: Strong aquifer declines associated to
increase of pumping cost or loss of spring or production well yields can indicate
groundwater depletion in areas with a high density of wells.
b) Change of baseflow: In many areas, rivers and other surface water bodies receive an
important volume of water from groundwater baseflow. Drastic reduction of this
groundwater flux and loss of baseflow can be associated with groundwater depletion. 
An indirect indication of reduction of baseflow can be established when phreatic
vegetations or wetlands suffer notable changes.
c) Change of groundwater quality characteristics: Although the physical-chemical properties
of water can vary throughout the aquifer, in regular exploitation, drastic changes in
groundwater quality are not expected (including stable isotope parameters). Therefore,
changes in age and origin of groundwater at specific locations in the aquifer can also be
indicative of a problem of groundwater depletion.
d) Land subsidence: At some localities, groundwater exploitation from thick unconsolidated
aquifer-aquitard systems has been accompanied by significant land subsidence. In this
situation, land subsidence can be used as an indirect indicator of unsustainable
groundwater exploitation.
Computation The indicator is determined by simple arithmetic action - division between the areas of
aquifers that present groundwater depletion problems and the total area of aquifers. 
Units of measurements The unit will be dimensionless and expressed as a percentage (%).
Data sources, 
availability
and quality
In developed countries, national/provincial environmental and water regulators, and 
water service utilities/companies normally have information about groundwater conditions.
However, in undeveloped/developing countries, the data are generally scarce and a
programme of identification problems should be implemented.
Scale of application Groundwater units (aquifers, aquifer systems, groundwater basins), regional and local scale
(within urban or rural community area)
Interpretation This indicator is useful to detect unsustainable aquifer exploitation as far as it can identify
areas that are necessary to control groundwater extraction by new wells. In this way, this
indicator supports groundwater protection policy and management.
Linkage with 
other indicators
Groundwater depletion is caused mainly by two factors: when total aquifer abstraction rate 
is higher than groundwater recharge for a long period, and high density of pumping wells
cause a strong and permanent drawdown in the potentiometric surface over a large area.
Therefore, the indicators ‘Groundwater recharge/Total groundwater abstraction’ and ‘Total
abstraction groundwater/Exploitable groundwater resources’ can be used together to
recognize possible aquifer depletion problems.
Alternative methods 
and definitions
In areas with high hydrological information density, it is possible to recognize an excessive
groundwater withdrawal through the monitoring, on a regular and long-term basis, of water
levels of wells or spring yield located in strategic positions. The number of wells and springs
to be monitored depends on the complexity of groundwater systems and on the possible
anthropogenic impact. The water level should be measured continuously, daily, monthly or at
least half-yearly (dry and wet seasons) for no less than five years. A statistical analysis
integrating all individual water level and yield measurements should be conducted to identify
an excessive withdrawal.
Related indicator sets Other indicators related to quantification of the water resource can be linked.
Sources of further
information
Foster, S., Laurence, L., Morris, B. 1998. Groundwater in Urban Development: Assessing
Management Needs and Formulating Policy Strategies. World Bank Technical Paper 390.
Washington D.C. (http://www.worldbank.org/gwmate).
Involved agencies UNESCO, IAEA, IAH, IGRAC, National Committees of IHP , WWAP, national/regional
environmental and water regulators. GROUNDWATER RESOURCES SUSTAINABILITY INDICATORS
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INDICATOR SHEET 2.3.6
Indicator name: Total exploitable non-renewable groundwater resources/ 
Annual abstraction of non-renewable groundwater resources
Challenge area The challenge area of this indicator is to record the stress and estimate the lifetime of 
non-renewable (fossil) groundwater resources that have no present day recharge or very low
recharge. Most of the non-renewable groundwater is found in arid areas, predominantly in
the Middle East, Northern Africa and Australia. This indicator is crucial for managing shared
aquifers.
Rationale/aspect 
of the challenge area
This indicator is a direct measure of the effect of the annual abstraction from the
groundwater basin or aquifer system. The total calculated lifetime of the groundwater
resource is based on the current abstraction. 
Position in DPSIR chain State-impact indicator.
Definition of indicator The definition of the indicator is ‘Total exploitable non-renewable groundwater resources
(m3) divided by the annual abstraction of the non-renewable groundwater resources (m3/a)’.
The total volume of non-renewable groundwater resource is based on an evaluation of
available groundwater data acquired from hydrogeological, geophysical and isotope
hydrological investigations. The annual groundwater abstraction is calculated as a mean
value over a significant range of years. The indicator is a quantitative measure of how a
limited resource can be exploited during a certain time span. The resource is independent
of short-term climatic or global changes. Thus, the abstraction is the only parameter
affecting the groundwater resource. 
Underlying definitions
and concepts
The basic concept behind the indicator is that the non-renewable groundwater resources
are the calculated total volumes of water that can be abstracted from a given groundwater
system under current socio-economic constraints and ecological conditions. In that respect,
the indicator is an effective quantification to be used for the management of groundwater
resource development. The parameter can also be used as an early warning of
overexploitation by comparing time series of annual abstraction.
Specification of
determinants needed
Total volume of exploitable non-renewable groundwater resources.
Total volume of annual non-renewable groundwater resources abstraction.
Computation Total exploitable non-renewable groundwater resources (m3)
Annual abstraction of non-renewable groundwater resources (m3/a)
The total volume of water is based on geological, hydrogeological, geophysical and isotope
hydrological data and information about the water bearing formations. The abstraction is
calculated from the amount of water drawn from the wells located in the aquifer.
Units of measurements The indicator is based on measurable units such as m3 and m3/a.
Data sources, 
availability and quality
Water Authorities, Ministries, Institutes and other bodies responsible for water policy and
management. Data estimates of the non-renewable groundwater resource potential/volume
are very dependent on access to information and reliability of data and information from
drilling, investigations and mapping. This estimate may change in time. On the other hand,
the abstraction, if controlled, by obliging reporting by law or by a permitting process, can
be determined more accurately.
Scale of application The potential scale of the indicator include estimates on international, national and regional
scale. All is dependent on the size of the groundwater body (e.g.transboundary aquifer,
large national aquifer).
Interpretation This indicator is crucial for estimating the useful lifetime of certain groundwater resources.
Such information is essential for the socio-economic aspects and planning and development
of groundwater. It will directly reflect market values and the development potential of the
resource. The predictions and planning are based on current and historic abstraction and
may change in time. The constraints on this indicator are the need for accurate data about
groundwater abstraction.107
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Linkage with other
indicators
Linkage can be made to the ‘Groundwater depletion’ indicator, the indicator ‘Total
groundwater abstraction/Exploitable groundwater resources’, ‘Groundwater depletion’
indicator and the indicator ‘Renewable groundwater resources per capita’, although there
are clear conceptual differences between the indicators listed here compared to the one
described. From the sustainability point of view, the non-renewable groundwater resource is
a limited resource. The other indicators may reflect renewable water resources. 
Alternative methods 
and definitions
The value of the indicator can only be improved by additional data for the estimate of the
total groundwater resource and reliable numbers on the abstraction.
Related indicator sets Other indicators related to quantification of the water resource can be linked.
Sources of further
information
Margat, J. 1990. Les gisements d'eau souterraine. La Recherche, Vol. 21, No. 221. 
Margat, J. 1991. Les eux souterrraines dans le monde : similitudes et différences. Soc. Hydr.
de France, XXI Journées de Hydraulique, Sophia Antipolis 29–31 January 1991.
Margat, J. 2001. Notes concerning groundwater indicators. UNESCO. (Unpub.)
Margat, J. and Saad, K., F. 1983. Concepts for Utilization of Non-renewable Groundwater
Resources in Regional Development. Natural Res. Forum, Vol. 7, No. 4, pp. 377–83.
Involved agencies UNESCO, IAEA, UNECE, WWAP, IGRAC, IAH.
INDICATOR SHEET 2.3.6 (Continued)
INDICATOR SHEET 2.3.7
Indicator name: Groundwater vulnerability
Challenge area The challenge area for this indicator is to express the vulnerability of groundwater systems
with respect to the hydrogeological and geological properties of the ground. This indicator
supports groundwater protection policy and management.
Rationale/aspect 
of the challenge area
The concept of groundwater vulnerability is based on the assumption that the physical
environment provides some degree of protection to groundwater against natural influences
and human impacts. 
Position in DPSIR chain State - Pressure indicator - natural ( intrinsic) groundwater vulnerability 
Definition of indicator In this report the term natural (or intrinsic) vulnerability is defined solely as a function of
hydrogeological factors - the characteristics of the aquifer and the overlying unsaturated
geological material and the soil. 
Underlying
definitions
and concepts
The principal variables applied in the assessment of groundwater vulnerability are: recharge,
soil and unsaturated zone properties, groundwater level below ground and saturated zone
hydraulic conductivity. 
Computation Computation of groundwater vulnerability indicator is based on three classes of
groundwater vulnerability: low/negligible, moderate and high. The following variables have
been used to formulate groundwater vulnerability indicator: the soil properties, lithology
and thicknesss of the unsaturated zone and groundwater level. 
Specification of
determinants needed
Groundwater vulnerability determinants: net recharge, soil attenuation capacity (particularly
content of clay minerals and organic matter, ion exchange capacity, texture and thickness),
unsaturated zone lithology, thickness and vertical hydraulic conductivity, saturated zone
lithology (consolidation and stratification) and hydraulic conductivity, and groundwater
residence time (age). 
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Units of measurements Vulnerability of groundwater is a relative, non-measurable, dimensionless property.
Parameter weightings and rating methods are usually implemented to express relationships
between the variables and to reflect their importance for groundwater vulnerability
assessment.
Data sources,
availability and quality
National, regional and local groundwater data banks, organizations responsible for
groundwater monitoring, water supply companies and national groundwater monitoring
networks are the main sources of groundwater data. 
Scale of application International, national and local level, large groundwater units (aquifers, aquifer systems,
groundwater basins) or river basins. 
Interpretation This indicator supports groundwater protection policy and management. Indicator
implementation is particularly useful for planning, regulatory, decision-making and 
public information purposes. The amount, quality and distribution of the basic data
determines the quality and accuracy of groundwater vulnerability indicator. 
Linkage with other
indicators
Linkage can be made to the Groundwater quality indicator. Indirect linkages exist to the
indicator Total exploitable non-renewable groundwater resources / Annual abstraction of
non-renewable groundwater resources. 
Alternative methods 
and definitions
The methods of groundwater vulnerability indicator formulation can be only improved if
recharge, soil, geological and hydrogeological data are available.
Related indicator sets Indicators related to water quality can be linked.
Sources of further
information
Aller, L., Bennet, T., Lehr, J.H., Petty, R.J., Hackett, G. 1987. DRASTIC: A Standardized
System for Evaluating Groundwater Pollution Potential Using Hydrogeologic Settings. 
US Environmental Protection Agency. Ada, Oklahoma. EPA/600/2-87-036.
Commission on Geosciences, Environment and Resources. 1993. Ground Water Vulnerability
Assessment: Contamination Potential Under Conditions of Uncertainty. National Academy
Press, Washington, D.C.
Vrba, J. and Zaporozec, A. (eds). 1994. Guidebook on Mapping Groundwater Vulnerability.
IAH/UNESCO, Vol.16. Heise, Hannover.
Involved agencies UNESCO, IAEA, IAH, UNECE, National Committees of IHP, WWAP.
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INDICATOR SHEET 2.3.8
Indicator name: Groundwater quality
Challenge area Groundwater quality protection against contamination.
Rationale / aspect 
of the challenge area
A groundwater quality indicator informs on the present status and trends, in space and time,
of water quality related to a) naturally-occurring contamination that is associated to chemical
evolution of groundwater and solution of minerals in the aquifer; and b) anthropogenic
contamination that is related to human activities, which cause degradation of water in the
aquifers.
Position in DPSIR chain State-impact indicator.
Specification of
determinants needed
Water level measurements in specific wells and spring discharge measurements.
(Continues on next page)109
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Definition of indicator a) for natural quality contamination problems:
Σ area of aquifers with groundwater natural-quality problem  
Σ area of studied aquifers                
b) for anthropogenic contamination problems associated to diffuse sources:
Σ area with increment of concentration for specific parameter  
Σ area of studied aquifers                                            
x 100%
x 100%
Underlying
definitions
and concepts
For natural-quality problems:
A groundwater quality problem means chemical water composition that exceed WHO (or
equivalent) guidelines or drinking water standards. For naturally-occurring contamination,
the substances of concern are related to: iron, chloride (salinity) and fluoride, and less
frequently to magnesium sulphate, arsenic, manganese, chromium, selenium, and other
inorganic species.
For anthropogenic problems:
In countries where a groundwater quality network based on wells was designed and
implemented, it is possible to identify anthropogenic-diffuse source contamination
problems (agriculture activity and urban on site sanitation), monitoring some quality-
specific physical-chemical parameters, such as electric conductivity, nitrate and chloride.
Furthermore, when technical and financial resources are available, a bundle of
environment isotopes 18O, 2H, 3H, 14C and 15N are suggested as parameters to be
combined with the physical-chemical parameters in order to monitor and understand the
dynamic process of groundwater quality change due to natural and human impacts.
Specification of
determinants needed
It is necessary to recognize limitations related to extrapolated groundwater quality from
wells at regional scale, including:
a) Deep wells (particularly production wells) generally mix water of different levels that may
have different origins and composition.
b) Irregular distribution of wells in an area causes difficulties for identifying groundwater
contamination for the whole aquifer.
c) Problems due to poor construction and maintenance of wells can cause well
contamination, which is not necessarily related to aquifer contamination.
Considering the difficulties of spatial and temporal representation, the sampling should be
carried out in aquifers (or part of aquifers) that present potential quality problems (presence
of reacting minerals and potential contaminant sources). The monitoring network should be
based preferably on wells drilled specially for this purpose. 
Computation Normally the parameters are compared to water quality standards, but statistical variation 
of a sequence of measurements should be taken in to account.
For anthropogenic diffuse sources, the specific parameters should be conducted quarterly or
at least twice a year (wet and dry periods). Increasing concentration of monitored variables
have to be supported by statistical evidence, based on data over a longer period (three
years or more), in order to indicate groundwater quality changes and problems. For isotopic
parameters the monitoring should be made at least on an annual basis. When just one or
more parameters present anomalous value, the judgment would be made by a local
hydrogeologist.
Units of measurements The unit will be dimensionless and expressed as percentage (%).
Data sources, 
availability and quality
In developed countries, national/provincial environmental and water regulators, and water
service utilities/companies normally have information about the groundwater quality
situation. However, in undeveloped/developing countries, the data are generally scarce and
a programme of measurement should be implemented. The monitoring data when available
are normally kept in raw form and may not be classified or processed in any way. In some
countries, water service utilities/companies and municipal administration have monitoring
programmes for water quality in production wells. For private wells the information is rare,
but in some countries, water authorities and environment agency have compiled such
information.
(Continues on next page)
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INDICATOR SHEET 2.3.9
Indicator name: Groundwater usability with respect to treatment requirements
Challenge area To evaluate whether groundwater can feasibly be made potable (drinking water), or usable
for other purposes (e.g. agriculture, industry, cooling water) with respect to the level of
complexity of the treatment required.
Rationale/aspect 
of the challenge area
Complex treatment adds to the cost of water supply and maintenance needs, and also sets
technical requirements. The poor quality of groundwater requiring treatment is a potential
constraint on use of a groundwater resource. On the other hand, economic and technical
means to treat groundwater to make it usable and can expand the limits of the resource.
Conservation of good natural groundwater quality status is a challenge area and should be
supported by an effective groundwater protection policy, implementation and enforcement
of water protection legislation and surveillance and operational monitoring of groundwater
quality. 
Position in DPSIR chain State and response indicators.
Definition of indicator Usability of abstracted groundwater that is publicly distributed with respect to treatment
requirements.
(Continues on next page)
Scale of application Groundwater units (aquifers, aquifer systems, groundwater basins), regional and local scale
(within urban or rural community area)
Interpretation Although there are many problems related to the interpretation of this indicator, it plays a
key role in identifying groundwater quality degradation situations or future tendencies that
limit water for specific usage.
Linkage with 
other indicators
Linkage can be made with the indicator: ‘Groundwater vulnerability’. Groundwater
contamination occurs as a result of interaction of natural aquifer vulnerability and the
presence of a contaminant plume generated by an anthropogenic activity. The analysis of
both vulnerability and contaminant load is useful for pre-defined groundwater body
contamination problems.
Alternative methods 
and definitions
In order to have better spatial representation, the election of sampling points can be made
based on: a) areas more dependent of groundwater or areas where other alternatives for
water sources are not available, and b) areas where the more important wells for water
supply (municipal and communal uses, hospital, schools, etc) are located.
Related indicator sets Other indicators related to groundwater quality can be linked.
Sources of further
information
Foster, S., Hirata, R., Gomes, D., D'Elia, M. and Paris, M. 2002. Groundwater Q uality
Protection: A Guide for Water Utilities, Municipal Authorities and Environment Agencies.
World Bank. Washington. DC. (http://www.worldbank.org/gwmate).
Involved agencies UNESCO, IAEA, WHO, IAH, IGRAC, National Committees of IHP, WWAP, national/regional
environmental and water regulators
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Underlying
definitions
and concepts
Quality requirements of groundwater intended for human consumption are the benchmark.
Information on at least the most relevant water quality chemical, physical and microbiological
parameters is needed. The treatment need should be assessed in relation to the actual use,
be it agriculture, industry or cooling water.
Specification of
determinants needed
In the context of the indicator, the following methods are considered as simple: dilution,
aeration, filtration, disinfection, adjusting alkalinity, removal of iron and manganese by
filtration or settling. Depending on the local circumstances, the same method can be
considered simple or technologically demanding. For example, membrane methods can be
either simple but in case of a problem readjustment/amelioration may be demanding.
Biological methods, coagulation and flocculation can be either simple of complicated. In
general, technologically demanding techniques require 1) accurate measurement and
adjustment based on that; 2) or reagents or materials that are not commonly available in the
area. For practical application of the indicator, membrane methods, biological methods,
coagulation and flocculation are categorized as technologically demanding, despite the
before-mentioned complexities. Hence technologically demanding treatment methods
include desalinization, reverse osmosis or membrane filtering for removal of fluorine or
arsenic, and similar techniques. The most relevant quality parameters that determine
whether groundwater is potable or suitable for other uses need to be defined and also by
how much the recommended value has to be exceeded.
Computation Classification divides the indicator into three categories according to how extensive
treatment groundwater requires:
• apt for specific use without treatment (appropriate quality);
• simple treatment needed;
• technologically demanding treatment needed.
For an area or aquifer of different scale, a variable number of samples and analysis can be
used by statistically selecting a representative value.
Units of measurements A relative scale is used for classification into the three categories of the indicator presented
above. Different quality and concentration units such as mg/l are used for comparison with
the WHO guidelines, drinking water standards and other standards relevant to the
groundwater use (e.g. irrigation, cooling).
Scale of application Regional and down to local scale.
Interpretation The indicator describes the quality of the groundwater resource in relation to the use. It also
indicates the expense or difficulty of utilizing the resource. 
Linkage with 
other indicators
Groundwater quality indicator, Water quality indicator.
Alternative method 
and definitions
Applied treatment methods to reach groundwater usability should be always compared with
technological exigencies and costs arising from the improvement of groundwater quality to
reach a desirable standard level. 
Related indicator sets Groundwater quality indicator.
Sources of 
further information
WHO guidelines, drinking water standards and other standards relevant to use of
groundwater (e.g. irrigation, cooling).
Involved agencies Government and municipal institutions, water supply companies, UNESCO, IAEA, WHO,
UNECE, WWAP, National Committees of IHP, IGRAC.
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INDICATOR SHEET 2.3.10
Indicator name: Dependence of agricultural population on groundwater
Challenge area In many parts of the developing world-especially in Asia, but increasingly in Africa-
groundwater irrigation is the mainstay of rural livelihoods and household income. In South
Asia, over half of total national populations in India, Pakistan, Bangladesh, Nepal derive
direct or indirect livelihood support from groundwater irrigation. In Africa, groundwater 
use in agriculture is smaller but the proportion of population deriving livelihoods benefits
through groundwater use for irrigating food plots and raising stock is often large. The
proposed indicator captures growing criticality of groundwater resource in rural
development and poverty reduction policies.
Rationale/aspect 
of the challenge area
The indicator is a direct measure of the extent to which poor people depend upon
groundwater use for generating livelihoods and household income. 
Position in DPSIR chain Driving Force.
Definition of indicator The indicator refers to ‘The Proportion of total population of a country using groundwater to
enhance the productivity of agriculture or livestock enterprise.’ The indicator can be
estimated using alternative national data bases related to agriculture and livestock sectors. 
Underlying
definitions
and concepts
The basic idea behind the indicator is to arrive at a broad estimate of the proportion of total
population of different countries of the world that have developed a direct or indirect stake
in groundwater use for enhancing their incomes and wages from agricultural and livestock
enterprises.
Specification of
determinants needed
1. Population of the country
2. Number of people engaged in farming and stock rearing
3. Number of farmers using groundwater use in agriculture
4. Number of livestock farmers using groundwater for their stock
Computation Indicator = { [3+ 4] /1} x100
Supplementary Indicator: 
Dependence of agricultural population on groundwater = { [ 3+4] /2 } x100
Units of measurements %
Scale of application National level (however, the indicator can also be meaningfully applied at sub-national levels.
Interpretation Rough estimates on the value of this indicator (Shah, 2003) for six countries are presented
below. These suggest and put into bold relief the powerful role groundwater plays in
sustaining livelihoods of poor people in some developing countries. Its role in the US –
which uses about 100 km3 of groundwater agriculture – is certainly important in wealth
creation in agriculture; but it supports a very small proportion of American households. But
in Bangladesh – which uses about the same amount of groundwater – it supports the
livelihoods of over half of the total population. When this indicator is estimated for African
countries, we may find that although groundwater use in Africa is much smaller, the
proportion of poor households who depend on groundwater use for raising stock and for
irrigating food plots in countries like Ghana, South Africa, Nigeria, Tanzania, and others may
be quite large.
• Bangladesh 58–60%
• Pakistan 55%
• India 50%
• China 26–30%
• Mexico 5–7%
• US 2–3%113
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Linkage with 
other indicators
This can be one of the 'over-arching indicators' of global significance of groundwater
resource as an instrument of achieving UN Millennium Development Goals.
Alternative method 
and definitions
The estimational procedures can be adapted to data bases available in different countries.
Related indicator sets None of the other indicators deal with the socio-economic significance of groundwater
resource in the developing world. 
Sources of 
further information
Shah, T., DebRoy,  A., Qureshi, A.S. and Wang, J. 2003. Sustaining Asia’s Groundwater
Boom: An Overview of Issues and Evidence. Natural Resources Forum 27, pp. 130–140.  
DebRoy, A. and Shah, T. 2003. Socio-ecology of Groundwater Irrigation in India. In: Llamas,
R. and E. Custodio (eds). Intensive Use of Groundwater: Challenges and Opportunities,
Swets and Zetlinger Publishing Co., The Netherlands. 
Involved agencies UNESCO, FAO, OECD.BGR .......... Federal Institute for Geosciences and Natural Resources, Germany
LSE .......... London School of Economics and Political Science
DRASTIC .......... A standardized system to evaluate water pollution potential using hydrogeologic set-
tings based on seven factors: Depth to Water, Net Recharge, Aquifer Media, Soil Media,
Topography, Impact of Vadose Zone, Hydraulic Conductivity of the Aquifer 
DWAF .......... Department Water Affairs and Forestry, Republic of South Africa 
FAO .......... Food and Agriculture Organization of the United Nations
FRIEND  .......... Flow Regimes for International Experimental and Network Data 
GIS .......... Geographical Information System
HELP .......... Hydrology for the Environment, Life and Policy
IAEA .......... International Atomic Energy Agency
IAH .......... International Association of Hydrogeologists
IAHS .......... International Association of Hydrological Sciences
IGOS .......... Integrated Global Observing System
IGWCO .......... Integrated Water Cycle Observation
IGRAC .......... International Groundwater Resources Assessment Center, The Netherlands
IHP .......... International Hydrological Programme of UNESCO
ISARM .......... International Shared Aquifer Resources Management
IWMI .......... International Water Management Institute
OECD .......... Organization for Economic Cooperation and Development
RIZA .......... Institute for Inland Water Management and Waste Water Treatment, The Netherlands 
SINTACS .......... A computer-assisted point count system for the assessment of aquifer vulnerability 
to contamination developed in Italy and based on seven factors: Soggiacenza (depth to
water table), Infiltrazione (infiltration), Azione del Non Saturo (Unsaturated zone func-
tion), Tipologia della Copertura (soil cover), caratteri Idrogeologici dell’ Aquifero (hydro-
geological characteristics of the aquifer), Conducibilitá Idraulica (hydraulic conductivity),
Acclivitá della Superficie Topografica (average slope of the topographical surface) 
UNECE .......... United Nations Economic Commission for Europe
UNEP .......... United Nations Environmental Programme
UNESCO .......... United Nations Educational, Scientific and Cultural Organization
USGS .......... United States Geological Survey 
WHO .......... World Health Organization
WHYCOS .......... World Hydrological Cycle Observing Programme 
WWAP .......... World Water Assessment Programme
WWDR .......... World Water Development Report
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GROUNDWATER RESOURCES SUSTAINABILITY INDICATORSGroundwater Resources Sustainability Indicators presents the groundwater indica-
tors developed by the Groundwater Indicators Working Group in the framework of
UNESCO-IHP.
The principle functions of indicators are to simplify, quantify, organise and communi-
cate data. Indicators can serve a variety of policy goals. They help in the improve-
ment of water resource management policy through better assessment of water
resource situations. This is achieved by identifying critical problems and their causes
and providing a basis for comparison across different countries and regions. This
leads to improved monitoring and reporting of progress against set targets as well
as improved evaluation of water policy strategy and actions. 
The DPSIR (Driving forces, Pressures, State, Impacts and societal Response) method-
ology used in the development of these groundwater indicators ensures the estab-
lishment of a relationship between policy and economic issues and the significant
challenges facing groundwater development and management.
Each indicator describes a specific aspect of groundwater systems and/or processes.
These include the use of groundwater, groundwater quality and vulnerability to pol-
lution. The application of indicators is demonstrated through case studies.
IHP Headquarters are located in Paris, France. 
For more information about IHP, please contact us at:
International Hydrological Programme (IHP)
UNESCO Division of Water Sciences
1, rue Miollis
75732 Paris CEDEX 15
France
Tel: 33 1 45 68 40 02
Fax: 33 1 45 68 58 11
E-mail: ihp@unesco.org
http://www.unesco.org/water/ihp